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Schöpfer for their valuable discussion and mentorship.
Lastly, I want to express my immeasurable appreciation and deepest gratitude to my
incredible wife, Jiyu He, for her unwavering support and love during my Ph.D. study. This
work would never have been completed without her joyful inspiration.
Partial financial support from the National Science Foundation through grant NSF/CMMI-




DEDICATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x
SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xviii
I INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Motivations and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Research Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
II CONTACT LAW FOR DEM MODELING OF QUASI-BRITTLE MA-
TERIALS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Contact Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3 Effect of the Softening Coefficient . . . . . . . . . . . . . . . . . . . . . . . 9
2.3.1 Stress-strain Curves . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3.2 Strength Ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.3.3 Failure Envelope . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4 Material Properties Calibration for LdB Granite and Berea Sandstone . . 25
2.4.1 LdB Granite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.4.2 Berea Sandstone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
III FAILURE MECHANISMS AND SIZE EFFECT IN INTACT BRAZIL-
IAN TEST . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2 Numerical Model Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.3 Two Dimensional Simulations . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.3.1 Macro-scale Failure Patterns . . . . . . . . . . . . . . . . . . . . . . 44
3.3.2 Micro-Scale Failure Evolution . . . . . . . . . . . . . . . . . . . . . 48
3.3.3 Damage Evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
v
3.3.4 Size Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.4 Three Dimensional Simulations . . . . . . . . . . . . . . . . . . . . . . . . 62
3.4.1 Macro-scale Failure Patterns . . . . . . . . . . . . . . . . . . . . . . 62
3.4.2 Micro-scale Failure Evolution . . . . . . . . . . . . . . . . . . . . . 65
3.4.3 Size Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
3.5 Limit Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.6 BTS vs. UTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
3.6.1 2D Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
3.6.2 3D Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
3.7 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
3.7.1 Effects of Strength Ratio and Sample Size . . . . . . . . . . . . . . 94
3.7.2 Other Factors Affecting Size Effect . . . . . . . . . . . . . . . . . . 97
3.7.3 Direct Tension Test . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
3.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
IV FAILURE MECHANISMS AND SIZE EFFECT IN SHEAR FAILURE104
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.2 Numerical model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.3 Uniaxial Compression Test . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
4.4 Three-point Bending Test . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
4.5 Four-point Bending Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
4.5.1 Failure Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
4.5.2 Size Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
4.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
4.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
V NUMERICAL SIMULATION OF ROCK CUTTING . . . . . . . . . . 134
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
5.2 Model Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
5.3 Effect of Cutting Velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
5.3.1 Failure Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
5.3.2 Force Signal Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 141
vi
5.4 Effect of Softening Coefficient β . . . . . . . . . . . . . . . . . . . . . . . . 144
5.5 3D Effect of Cutter Geometry . . . . . . . . . . . . . . . . . . . . . . . . . 157
5.5.1 Influence of w on Specific Energy and Drilling Strength . . . . . . . 158
5.5.2 E-S Diagrams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
5.6 Probing Rock Heterogeneity . . . . . . . . . . . . . . . . . . . . . . . . . . 172
5.6.1 Numerical Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
5.6.2 Effect of Heterogeneity . . . . . . . . . . . . . . . . . . . . . . . . . 174
5.7 Fractal Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
5.7.1 Spectrum Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
5.7.2 Identify Middle Layer Thickness . . . . . . . . . . . . . . . . . . . . 180
5.7.3 Identify Failure Mechanism . . . . . . . . . . . . . . . . . . . . . . 185
5.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
VI CONCLUSIONS AND FUTURE WORK . . . . . . . . . . . . . . . . . . 189
6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
6.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
APPENDIX A — FRACTURE PROCESS ZONE CHARACTERISTICS
IN MICRO-SCALE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
vii
LIST OF TABLES
2.1 Baseline micro-scale parameters (2D & 3D). . . . . . . . . . . . . . . . . . . 10
2.2 Bond strengths in the contact model and macro-scale material properties (2D). 13
2.3 Bond strengths in the contact model and macro-scale material properties (3D). 13
2.4 Hoek-Brown criterion parameters and fitting results. . . . . . . . . . . . . . 24
2.5 Material properties of Lac du Bonnet granite [83]. . . . . . . . . . . . . . . 26
2.6 Material properties of Berea sandstone [18, 39]. . . . . . . . . . . . . . . . . 26
2.7 Calibrated micro-scale parameters for LdB granite. . . . . . . . . . . . . . . 27
2.8 Hoek-Brown criterion parameters and results for LdB granite and PFC models. 27
2.9 Calibrated micro-scale parameters for Berea sandstone . . . . . . . . . . . . 31
2.10 Hoek-Brown criterion parameters and results for Berea sandstone and PFC
models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.1 Summary of experimental results (Unit: mm). . . . . . . . . . . . . . . . . . 42
3.2 Comparison between ASTM and ISRM. . . . . . . . . . . . . . . . . . . . . 97
4.2 Micro-scale parameters for the sample. . . . . . . . . . . . . . . . . . . . . . 105
4.1 Micro-scale parameters for the sample. . . . . . . . . . . . . . . . . . . . . . 105
5.1 Micro-scale parameters of the particle assembly. . . . . . . . . . . . . . . . . 138
5.2 Macro-scale material properties. . . . . . . . . . . . . . . . . . . . . . . . . . 138
5.3 Cutter geometries and configurations. . . . . . . . . . . . . . . . . . . . . . 157
5.4 Results of the cutting tests for M1, box cutter. . . . . . . . . . . . . . . . . 160
5.5 Results of the cutting tests for M1, L-shaped cutter. . . . . . . . . . . . . . 161
5.6 Results of the cutting tests for M2, box cutter. . . . . . . . . . . . . . . . . 162
5.7 Micro-scale parameters of the particle assemblies (Unit: MPa). . . . . . . . 174
5.8 Macro-scale properties of the particle assemblies. . . . . . . . . . . . . . . . 174
A.1 Micro-scale parameters of the baseline particle assembly. . . . . . . . . . . . 196
A.2 Macro-scale mechanical properties. . . . . . . . . . . . . . . . . . . . . . . . 196
A.3 Process zone size at different loading stage (Unit: mm). . . . . . . . . . . . 198
A.4 FPZ size at peak load while keeping normal bond strength constant. . . . . 202
A.5 Dimensions of FPZ at peak load while keeping strength ratio constant. . . . 202
A.6 Process zone size at peak load (Unit: mm). . . . . . . . . . . . . . . . . . . 203
viii
A.7 Micro-scale parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
A.8 Macro-scale mechanical properties. . . . . . . . . . . . . . . . . . . . . . . . 206
A.9 Micro-event energy classification. . . . . . . . . . . . . . . . . . . . . . . . . 212
ix
LIST OF FIGURES
2.1 Failure envelope of quasi-brittle materials. . . . . . . . . . . . . . . . . . . . 6
2.2 Schematic representation of particle interactions in the parallel bond model. 7
2.3 Force-displacement law. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4 Stress-strain curves; sample size W ×H = 60× 120 mm (2D). . . . . . . . 11
2.5 Stress-strain curves; sample size D ×H = 40× 80 mm (3D). . . . . . . . . 12
2.6 Effect of the bond strength deviation on the stress-strain curve in direct
tension with β = 0.015; sample size D ×H = 40× 80 mm (3D). . . . . . . . 14
2.7 Distribution of the micro-cracks at 60% of the loading level after the peak in
direct tension; sample size W ×H = 60× 120 mm. . . . . . . . . . . . . . . 15
2.8 Distribution of the micro-cracks at 90% post-peak in uniaxial compression;
sample size W ×H = 60× 120 mm. . . . . . . . . . . . . . . . . . . . . . . 15
2.9 Histories of the loading stresses and the micro-crack numbers in 2D; sample
size W ×H = 60× 120 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.10 Histories of the loading stresses and the micro-crack numbers in 3D; sample
size W ×H = 60× 120 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.11 2D direct tension test at peak, β = 0.015. . . . . . . . . . . . . . . . . . . . 20
2.12 2D uniaxial compression test at peak, β = 0.015. . . . . . . . . . . . . . . . 21
2.13 Strength ratio vs. the softening coefficient. . . . . . . . . . . . . . . . . . . . 22
2.14 Complete failure envelopes. Dots represent the simulation results, while the
blue line is the regression curve based on Hoek-Brown Criterion. Fitting
parameters are listed in Table 2.4. . . . . . . . . . . . . . . . . . . . . . . . 24
2.15 Distribution of micro-cracks at 90% of post-peak under different confinements
in 2D; sample size W ×H = 60× 120 mm. . . . . . . . . . . . . . . . . . . 25
2.16 Comparison of stress-strain curves between simulations and experiments; ex-
perimental results of LdB granite are digitized from [82]. . . . . . . . . . . 28
2.17 Failure envelopes of LdB granite vs. simulations. Experimental results of
LdB granite is digitized from [83]; blue dashed lines and red solid line repre-
sent the regression curves of simulations and experiments based on Eq. 12,
respectively; the parameters and results are summarized in Table 2.8. . . . 29
2.18 Evolution of micro-crack in uniaxial compression test in 2D; sample size
W ×H = 60× 150 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.19 Failure pattern from an unconfined compression experiment on LdB granite[82],
the failure surface is inclined at 23◦ with respect to the loading direction. . 31
x
2.20 Failure envelopes of Berea sandstone vs. simulations. Experimental data is
reported in [18]. Red solid line represents the regression curves of simulations
and experiments based on Eq. 12. The parameters are summarized in Table
2.10. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.21 Stress-strain curves for unconfined tests in 3D; sample size D×H = 40× 80
mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.22 Distribution of the micro-cracks at peak in 3D confined compression tests;
sample size D ×H = 40× 80 mm. . . . . . . . . . . . . . . . . . . . . . . . 34
2.23 Distribution of micro-cracks at 90% post-peak in 3D confined tension tests;
sample size D ×H = 40× 80 mm. . . . . . . . . . . . . . . . . . . . . . . . 35
3.1 Experimental evidences of size effect. Details about the experimental data
can be found in Table 3.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.2 Dependence of the micro-scale failure mechanisms on the softening coefficient
β and the sample diameterD (2D); the color bar represents the bond breakage
time relative to the elapsed time of the simulation stage; crack lengths are
magnified for easier visualization; the simulation cases are indexed by (β,D);
unit of D in mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.3 Dependence of the macro-scale failure mechanisms on the softening coefficient
β and the diameter of the specimen D (2D). . . . . . . . . . . . . . . . . . . 47
3.4 Force-displacement relationships for the 2D Brazilian tests with β = 0.015,
0.1, ∞ and D = 280 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.5 Evolution of the micro-scale failure mechanisms with β → ∞ and D = 280
mm (2D); (a) 50% of loading level-stageD1, (b) 75%-stage C1, (c) 90%-stage
B1, (d) peak-stage A1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.6 Evolution of the micro-scale failure mechanisms with β = 0.1 and D = 280
mm (2D); (a) 50% of loading level-stageD2, (b) 70%-stage C2, (c) 90%-stage
B2, (d) peak-stage A2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.7 Evolution of the micro-scale failure mechanisms with β = 0.015 and D = 280
mm (2D); (a) 65% of loading w.r.t stage A3-stage D3, (b) 80%-stage C3, (c)
stage A3, (d) 103.5%-stage B3. . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.8 Locations of all the softening bonds (blue) and broken bonds (red) at (a)
65% and (b) 90% of the loading levels; β = 0.1, D = 280 mm (2D). . . . . . 55
3.9 Locations of all the softening bonds (blue) and broken bonds (red) at (a)
20% and (d) 65% of the loading levels; β = 0.015, D = 280 mm (2D); the
loading level is w.r.t stage A3. . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.10 Locations of the softening bonds with ξ ≥ 0.5 at (a) 65% and (b) 90% of
loading levels w.r.t stage A2; β = 0.1, D = 280 mm (2D); the same jet
colormap now marks the magnitude of ξ. . . . . . . . . . . . . . . . . . . . . 57
xi
3.11 Locations of the softening bonds with ξ ≥ 0.5 at (a) 65% and (b) 80% of
loading levels w.r.t stage A3; β = 0.015, D = 280 mm (2D); the same jet
colormap now marks the magnitude of ξ. . . . . . . . . . . . . . . . . . . . . 58
3.12 Histogram of the parallel bonds in softening, 65% of loading w.r.t stage A2;
β = 0.1, D = 280 mm (2D). . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.13 Histogram of the parallel bonds in softening at stage D3 (65% of loading level
w.r.t stage A3); β = 0.015, D = 280 mm (2D). . . . . . . . . . . . . . . . . 59
3.14 2D BTS vs. sample size, β = 0.015. . . . . . . . . . . . . . . . . . . . . . . 60
3.15 2D BTS vs. sample size, β = 0.1. . . . . . . . . . . . . . . . . . . . . . . . 61
3.16 2D BTS vs. sample size, β →∞. . . . . . . . . . . . . . . . . . . . . . . . 61
3.17 Variation of the normalized splitting strength with the sample size in 2D. . 62
3.18 Dependence of the micro-scale failure mechanisms on the softening coefficient
β and the diameter of the specimen D from 3D simulations; the simulation
cases are indexed by (β, D); unit of D in mm. . . . . . . . . . . . . . . . . 64
3.19 Micro-scale failures at 80% of loading at (a) β = 0.1 and (b) β = 0.015 with
D = 120 mm from 3D simulations. . . . . . . . . . . . . . . . . . . . . . . . 65
3.20 Force-displacement relationships for the 3D Brazilian tests with β = 0.015,
0.1, ∞ and D = 120 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.21 failure process in 3D, β =∞ and D = 120 mm . . . . . . . . . . . . . . . . 67
3.22 failure process in 3D, β = 0.1 and D = 120 mm . . . . . . . . . . . . . . . . 68
3.23 failure process in 3D, β = 0.015 and D = 120 mm . . . . . . . . . . . . . . 69
3.24 3D BTS vs. sample size, β = 0.015. . . . . . . . . . . . . . . . . . . . . . . 71
3.25 3D BTS vs. sample size, β = 0.1. . . . . . . . . . . . . . . . . . . . . . . . 72
3.26 3D BTS vs. sample size, β →∞. . . . . . . . . . . . . . . . . . . . . . . . 72
3.27 Variation of the normalized splitting strength with the sample size in 3D. . 73
3.28 Schematic of a shear failure mechanism in the Brazilian test [52, 124]. . . . 74
3.29 Upper bound analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.30 Energy dissipation in FPZ, β = 0.015. . . . . . . . . . . . . . . . . . . . . . 77
3.31 Energy dissipation in unit area of FPZ. . . . . . . . . . . . . . . . . . . . . 78
3.32 Histories of the number of micro-cracks Nb and the number of softening bonds
Nd, when β = 0.015 and D = 280 mm. . . . . . . . . . . . . . . . . . . . . . 80
3.33 History of the ratio of Nb/Nd, when β = 0.015 and D = 280 mm. . . . . . . 80
3.34 History of the nominal stress when β = 0.015 and D = 280 mm. . . . . . . . 82
3.35 History of the number of micro-cracks when β →∞ and D = 280 mm. . . . 82
xii
3.36 History of the nominal stress when β →∞ and D = 280 mm. . . . . . . . . 84
3.37 History of the number of micro-cracks numbers when β = 0.1 and D = 280
mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
3.38 Ratio of micro-event numbers when β = 0.1 and D = 280 mm. . . . . . . . 85
3.39 Peak and crack initiation stress when β = 0.1 and D = 280 mm. . . . . . . 85
3.40 Comparison of crack initiation stress, peak strength, and UTS, β →∞. . . 86
3.41 Comparison of crack initiation stress, peak strength, and UTS, β = 0.1. . . 87
3.42 Comparison of crack initiation stress, peak strength, and UTS, β = 0.015. . 87
3.43 BTS/UTS ratio vs. β. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
3.44 Ratio of peak to initiation stress vs. β in 2D. . . . . . . . . . . . . . . . . . 89
3.45 Micro-event numbers when β = 0.015 and D = 120 mm. . . . . . . . . . . . 90
3.46 Ratio of micro-event numbers when β = 0.015 and D = 120 mm. . . . . . . 90
3.47 Peak and crack initiation stress when β = 0.015 and D = 120 mm. . . . . . 91
3.48 Number of broken bonds when β →∞ and D = 120 mm. . . . . . . . . . . 91
3.49 Crack initiation stress when β →∞ and D = 120 mm. . . . . . . . . . . . . 92
3.50 Micro-event numbers when β = 0.1 and D = 120 mm. . . . . . . . . . . . . 92
3.51 Ratio of micro-event numbers when β = 0.1 and D = 120 mm. . . . . . . . 93
3.52 Peak and crack initiation stress when β = 0.1 and D = 120 mm. . . . . . . 93
3.53 Comparison of crack initiation stress, peak strength, and UTS, β →∞. . . 94
3.54 Comparison of crack initiation stress, peak strength, and UTS, β = 0.1. . . 95
3.55 Comparison of crack initiation stress, peak strength, and UTS, β = 0.015. . 95
3.56 Histogram of the normal bond strength in a rectangular particle assembly of
200× 400 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
3.57 Variation of the unconfined tensile strength as a function of the sample size. 99
3.58 Variation of the unconfined compressive strength as a function of the sample
size. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
3.59 Tensile strength of rectangular samples in 2D; β →∞. . . . . . . . . . . . . 101
4.1 Stress-strain curve; sample size W ×H = 120× 240 mm and β →∞. . . . 107
4.2 Cumulative micro-cracks; sample size W ×H = 120× 240 mm and β →∞. 107
4.3 Evolution of micro-cracks; sample size W ×H = 120× 240 mm and β →∞.
(a) 0-90% pre-peak; (b) 90% pre-peak-peak; (c) peak-95% post-peak; (d)
95% post-peak-90% post-peak; (e) 90% post-peak-85% post-peak; (f) 85%
post-peak-80% post-peak. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
xiii
4.4 Compressive strength vs. sample width. . . . . . . . . . . . . . . . . . . . . 110
4.5 Three-point bending test model setup. . . . . . . . . . . . . . . . . . . . . . 111
4.6 Force-displacement curve in three-point bending test with β →∞. . . . . . 113
4.7 Cumulative micro-cracks with D = 60 mm and S = 96 mm, λ = 0.8 and
β →∞. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
4.8 Evolution of micro-cracks with D = 60 mm and S = 96 mm, λ = 0.8 and
β → ∞. (a) 0-90% pre-peak; (b) 90% pre-peak-peak; (c) peak-99% post-
peak; (d) 99% post-peak-92% post-peak; (e) 92% post-peak-85% post-peak;
(f) 85% post-peak-70% post-peak. . . . . . . . . . . . . . . . . . . . . . . . 114
4.9 Cumulative micro-cracks with D = 50 mm and S = 160 mm, λ = 1.6 and
β →∞. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
4.10 Evolution of micro-cracks with D = 50 mm and S = 160 mm, λ = 1.6 and
β → ∞. (a) 0-90% pre-peak; (b) 90% pre-peak-peak; (c) peak-99% post-
peak; (d) 99% post-peak-92% post-peak; (e) 92% post-peak-85% post-peak;
(f) 85% post-peak-70% post-peak. . . . . . . . . . . . . . . . . . . . . . . . 116
4.11 Strength vs. sample width in three point bending with β →∞. . . . . . . 117
4.12 Schematics of four-point bending test. . . . . . . . . . . . . . . . . . . . . . 118
4.13 Force-displacement curve in four-point bending test with β →∞, S =60 mm
and D =160 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4.14 Cumulative micro-cracks with β →∞, and S =60 mm and D =160 mm. . . 120
4.15 Evolution of micro-cracks with β → ∞, and S =60 mm and D =160 mm.
(a) 0-90% pre-peak; (b) 90% pre-peak-peak; (c) peak-99% post-peak; (d)
99% post-peak-92% post-peak; (e) 92% post-peak-85% post-peak; (f) 85%
post-peak-80% post-peak. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
4.16 Shear strength vs. sample width with β →∞. . . . . . . . . . . . . . . . . 122
4.17 Four-point bending test model setup. . . . . . . . . . . . . . . . . . . . . . . 123
4.18 Shear strength vs. sample width, β →∞ and w = 20. . . . . . . . . . . . . 124
4.19 Distribution of micro-cracks at peak with β →∞, w = 20 mm, and D = 160
mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
4.20 Shear strength vs. sample depth, β →∞ and w = 70 mm. . . . . . . . . . 125
4.21 Distribution of micro-cracks at peak with β →∞, w = 70 mm, and D = 160
mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
4.22 Shear strength vs. sample depth, β = 0.1 and w = 20 mm. . . . . . . . . . 127
4.23 Distribution of micro-cracks at peak with β = 0.1, w = 20 mm, and D = 160
mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
4.24 Shear strength vs. sample depth, β = 0.1 and w = 70 mm. . . . . . . . . . 128
xiv
4.25 Distribution of micro-cracks at peak with β = 0.1, w = 70 mm, and D = 160
mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
4.26 Evolution of the secondary shear band at peak. From (a) to (f), sample size
increases from D = 100 mm to 200 mm by 20 mm. Blue dots are damaged
bonds while red ones are micro-cracks. The sample sizes are normalized to 1.
Blue and red dots represent softening bonds and bond breakage, respectively. 129
4.27 Distribution of micro-evens with β = 0.1, w = 70 mm, and D = 100 mm.
Blue and red dots represent softening bonds and bond breakage, respectively. 130
4.28 Shear strength vs. sample depth, β = 0.1 and w = 70 mm. . . . . . . . . . 131
4.29 Shear band vs. shear crack. . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
5.1 Schematic of the cutting models. . . . . . . . . . . . . . . . . . . . . . . . . 137
5.2 Micro-scale failure at length of cut s = 50 mm with Sample S1. . . . . . . . 140
5.4 Histograms of the normalized cutting force at different cutting velocity. . . 142
5.3 Cutting force signal from sample S1 at different cutting velocities. . . . . . 143
5.5 Cutting force vs. displacement for M2, d = 10 mm and w = 25 mm. . . . . 145
5.6 Cutting force history and failure mode at d = 15 mm and w = 40 mm. Red
circles represent particles with broken bonds. Yellow ones represent particles
that are still bonded. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
5.7 Failure mechanism when d = 15 mm. . . . . . . . . . . . . . . . . . . . . . . 147
5.8 Cutting force and micro-cracks at s = 90 mm d = 10 mm and β →∞. . . . 149
5.9 Distribution of micro-cracks at s = 27.5 and 57.5 mm, d = 10 mm and β →∞.150
5.10 Cutting force and micro-cracks at s = 90 mm, d = 15 mm and β →∞. . . . 151
5.11 Distribution of micro-cracks at s = 15 and 40 mm, d = 15 mm and β →∞. 152
5.12 Cutting force and micro-cracks at s = 90 mm, d = 10 mm and β = 0.1. . . . 154
5.13 Distribution of micro-cracks at s = 15 and 57.5 mm, d = 10 mm and β = 0.1. 155
5.14 Cutting force and micro-cracks at s = 90 mm, d = 5 mm and β = 0.1. . . . 156
5.15 Influence of λ to average cutting force for M2, d = 10 mm. . . . . . . . . . . 159
5.16 Variation of cutting forces vs. cutting area for M1, box cutter. . . . . . . . 163
5.17 Variation of cutting forces vs. cutting area for M1, L-shaped cutter. . . . . 164
5.18 Variation of cutting forces vs. cutting area for M2, box cutter. . . . . . . . 165
5.19 Specific energy and drilling strength vs. cutter width for M1 box cutter. . . 167
5.20 Specific energy and drilling strength vs. cutter width for M1 L-shaped cutter. 168
5.21 Specific energy and drilling strength vs. cutter width for M2. . . . . . . . . 169
xv
5.22 Theoretical E − S diagram [35]. . . . . . . . . . . . . . . . . . . . . . . . . . 170
5.23 E − S diagram for M1, box cutter. . . . . . . . . . . . . . . . . . . . . . . . 170
5.24 E − S diagram for M1, L-shaped cutter. . . . . . . . . . . . . . . . . . . . . 171
5.25 E − S diagram for M2, box cutter. . . . . . . . . . . . . . . . . . . . . . . . 172
5.26 Schematic of numerical model. . . . . . . . . . . . . . . . . . . . . . . . . . 173
5.27 Cutting force signals with different middle layers. . . . . . . . . . . . . . . . 175
5.28 Micro-scale failure mechanism in Sample M1. . . . . . . . . . . . . . . . . . 177
5.29 Micro-scale failure mechanism in Sample M2. . . . . . . . . . . . . . . . . . 178
5.30 Power spectrum of signals from cutting tests d = 10 mm. . . . . . . . . . . 181
5.31 Average cutting force variation. . . . . . . . . . . . . . . . . . . . . . . . . . 182
5.32 Amplitude vs. frequency after DFT. . . . . . . . . . . . . . . . . . . . . . . 183
5.33 Divergence of cutting force signal. (up) original force signal without data
filtering; (middle) low-pass filter; (down) data after passing the filter. (a) S1
with M1 middle layer, t = 20 mm; (b) S1 without middle layer. . . . . . . . 184
5.34 Identify peak and valley from the force signal. . . . . . . . . . . . . . . . . . 185
5.35 Identify peak and valley from the force signal. . . . . . . . . . . . . . . . . . 186
A.1 Three-point bending test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
A.2 Strength ratio vs. softening coefficient β. . . . . . . . . . . . . . . . . . . . . 197
A.3 Force vs. crack mouth opening distance. . . . . . . . . . . . . . . . . . . . . 198
A.4 FPZ in three-point bending. Red and grey disks represent the micro-cracks
and damaged bonds, respectively. . . . . . . . . . . . . . . . . . . . . . . . . 199
A.5 Dimension of FPZ vs. CMOD. . . . . . . . . . . . . . . . . . . . . . . . . . 200
A.6 Displacement field at peak. . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
A.7 Three point bending model setup. . . . . . . . . . . . . . . . . . . . . . . . 204
A.8 Load vs. CMOD and the corresponding AE event numbers. . . . . . . . . . 208
A.9 Micro-events ratio vs. CMOD. . . . . . . . . . . . . . . . . . . . . . . . . . 209
A.10 Cumulative energy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
A.11 Micro-event locations and energy distribution at different stages. Stage A:
FPZ initiation, stage B: crack initiation, stage C: peak, stage D: post-peak
80%, stage E: post-peak 60%. Green and red dot represent bond damage
and breakage, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
A.12 Micro-event energy at final stage. . . . . . . . . . . . . . . . . . . . . . . . . 213
A.13 AE locations at different energy levels. . . . . . . . . . . . . . . . . . . . . . 214
xvi
A.14 FPZ width at different energy levels . . . . . . . . . . . . . . . . . . . . . . 215
A.15 AE events density and energy levels along mid-span. . . . . . . . . . . . . . 215
A.16 FPZ dimensions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
A.17 Cumulative crack energy vs. crack length . . . . . . . . . . . . . . . . . . . 217
A.18 Three-point bending test with an eccentric notch. . . . . . . . . . . . . . . . 219
A.19 Three-point bending test with an eccentric notch. . . . . . . . . . . . . . . . 220
A.20 Crack pattern in post-peak stage: (a) crack distribution in the whole speci-
men; (b) crack types in the fracture, red: tensile failure, blue: shear failure,
green: softening bond; (c) crack age when it is generated. . . . . . . . . . . 221
A.21 Displacement fields at peak. . . . . . . . . . . . . . . . . . . . . . . . . . . . 222
A.22 Displacement fields at post-peak. . . . . . . . . . . . . . . . . . . . . . . . . 223
A.23 Displacement fields at post-peak. . . . . . . . . . . . . . . . . . . . . . . . . 223
A.24 Number of micro-events along mid-span [87]. . . . . . . . . . . . . . . . . . 225
xvii
SUMMARY
Tensile and compressive strengths of quasi-brittle materials such as rocks and con-
cretes are often obtained indirectly from laboratory tests, for example, the Brazilian test
and three-point bending for tensile strength, and four-point bending and the scratch test for
the compressive strength. Compared with the direct uniaxial tests, these tests have distinct
advantages from the experimental standpoint, e.g., robustness or being non-destructive.
Nevertheless, these tests are indirect since the stress states at the locations, where failure
initiates and progresses, could be complex and non-uniform. Depending on the material
properties and sample size, both the ductile mode, associated with crushing and decohesion
of grains, and the brittle mode, associated with crack initiation and propagation, could be
involved. Interpretation of the experimental results is therefore complicated by the progres-
sive failure, manifested through the development of fracture process zones, and the existence
of the dual failure modes.
Over the last two decades, discrete element method (DEM) has become an indispensable
numerical tool to model the failure behaviors in quasi-brittle materials. Calibration of the
material properties is a necessary step for DEM modeling of any engineering problems.
Perhaps out of necessity for matching the experimental data, strength calibration in the
literature is also sometime performed with the indirect test configurations, even though the
direct tests are easier to interpret and to perform numerically. A long-standing well-known
issue in DEM modeling with bonded spherical particles in random dense packing is that
the ratio between the compressive and tensile strengths, as determined from the unconfined
tests, are much lower than those of realistic values of rocks and concretes. We should then
ask the questions: How are the failure mechanisms in the indirect tests affected by the low
strength ratio? What are the differences in calibrating the material strengths of a particle
assembly by using the indirect and direct tests?
xviii
In this study, a novel displacement-softening contact model is first proposed and im-
plemented in the DEM code PFC2D/3D to model the failure behaviors of quasi-brittle
materials. By adjusting the softening coefficient, which defines the ratio between the un-
loading and loading contact stiffnesses, we show that the softening model can not only yield
realistic compressive over tensile strength ratios as high as about 30, but also capture the
highly nonlinear failure envelope at the low confining stress range. Numerical analyses of
the aforementioned four laboratory tests suggest that the softening coefficient as a proxy
of the compressive over tensile strength ratio affects the brittle-ductile transition in the
failure mechanisms, and that the nominal material strengths may exhibit size effect if both
the ductile and brittle modes are involved in the same test. In the Brazilian test, both
diametrical splitting from a center crack and the indentation-type of failure are successfully
reproduced numerically. The numerical simulations suggest that if the strength ratio is low,
the indentation-type of failure is more likely to occur. Depending on the failure mecha-
nisms and the sample size, the nominal Brazilian tensile strength based on the peak load
could either overestimate or underestimate the intrinsic tensile strength. If the sample fails
according to the center crack splitting scenario, the nominal strength based on the crack ini-
tiation stress yields a better prediction of the tensile strength. Similar connection between
the brittle-ductile failure mode transition and the size effect is also found in the three-point
bending and four-point bending for shear strength tests. In the scratch test, dependence of
the critical depth of cut, which governs the transition from a ductile shear failure mode to
a brittle tensile fracture mode, on the strength ratio is verified. The numerical simulations
confirm that the scratch test in the ductile shear failure mode could be a non-destructive




1.1 Motivations and Objectives
Tensile and compressive strengths of quasi-brittle materials such as rocks and concretes
are often obtained indirectly from laboratory tests, for example, the Brazilian test and
three-point bending for tensile strength and four-point bending and the scratch test for the
compressive strength. Compared with the direct uniaxial tests, these tests have distinct
advantages from the experimental standpoint, e.g., robustness or being non-destructive.
Nevertheless, these tests are indirect since the stress states at the locations, where failure
initiates and progresses, could be complex and non-uniform. Depending on the material
properties and sample size, both the ductile mode, associated with crushing and decohesion
of grains, and the brittle mode, associated with crack initiation and propagation, could
be involved. Interpretation of the experimental results is therefore complicated by the
progressive failure, manifested through the development of fracture process zones, and the
existence of the dual failure modes.
It has been shown that the brittle-ductile failure mechanism transition in triaxial/uniaxial
tests is governed by the confinement level. In direct tension, the sample typically fails as a
result the development of mode I fracture. In uniaxial compression, a sample could be split
vertically or fail due to development of shear bands, depending on the material properties
as well as the sample/platen contact condition. In triaxial compression, failure in form of
shear bands is generally observed. The existence of the failure mechanism transition has
also been observed in a variety of loading configurations, e.g., the Brazilian test, the scratch
test, and three-point bending. In the Brazilian test, experimental results suggest that the
sample may fail from the center by tensile crack growth or from the loading point by ema-
nating of micro-cracks. In three-point bending with longitudinal rebars, the brittle-ductile
transition is governed by shear cracks or shear bands, depending on the span depth ratio. In
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rock scratch test, both brittle failure, associated with crack propagation, and ductile failure,
corresponding to grain crushing and grinding, are observed. Besides, the transitioning is
related to the depth of cut.
Discrete element method (DEM) has become an indispensable numerical tool to model
the failure behaviors in quasi-brittle materials. An essential prerequisite in DEM modeling
is to calibrate the material properties by identifying a set of micro-scale parameters for
the particles and the contact to yield desirable properties at the macro-scale. Given a
quasi-brittle material governed by a single failure mechanism, it is sufficient to calibrate the
compressive or tensile strength only according to the failure mechanism [61]. However, it
is necessary to calibrate the strength ratio for a complex failure process governed by dual
failure mechanisms, such as rock cutting and indentation. A long-standing well-known issue
in DEM modeling with bonded spherical particles in random dense packing is that the ratio
between the compressive and tensile strengths, as determined from the unconfined tests, are
much lower than those of realistic values of rocks and concretes. We should then ask the
questions: How are the failure mechanisms in the indirect tests affected by the low strength
ratio? What are the differences in calibrating the material strengths of a particle assembly
by using the indirect and direct tests?
In this study, a novel displacement-softening contact model is first formulated and im-
plemented in PFC2D/3D to resolve the issue of the low strength ratio. Then we numerically
investigate the failure mechanism transitions in indirect rock strength testing methods using
DEM. The issues pertaining to this topic, such as brittle-ductile transition, size effect, and
the relationship between the nominal and intrinsic strengths are discussed . Specifically,
the following subjects are investigated.
1. A displacement-softening contact law is investigate. The dependence of the macro-
scale properties and failure mechanisms on the softening coefficient β is examined.
2. The failure mechanism transition in Brazilian test and the effects of the failure mech-
anisms on the nominal strength and size effect are explored.
3. The failure mechanism transition from shear cracks to shear bands are investigated
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by performing three-point and four-point bending tests. The effect of the loading
condition and failure mechanism on the size effect is discussed.
4. The rock scratch test is modeled to investigate the variation of the cutting force signal
with respect to the failure mechanism. The effect of the cutting velocity, geometry of
the cutter, cutting depth, rock heterogeneity and softening coefficient β on the cutting
behavior is also discussed.
1.2 Research Outline
The thesis is structured as follow:
Chapter I depicts a full picture of this research, including the motivations and objectives.
Chapter II introduces the displacement-softening model that is capable of capturing
a realistic strength ratio of quasi-brittle materials while reproducing the macro-scale fail-
ure mechanism transition in triaxial/uniaxial tests. Material properties of Lac du Bonnet
granite and Berea sandstone are both calibrated.
Chapter III presents a comprehensive study of the Brazilian test. The failure mech-
anism transition and its impact to the Brazilian tensile strength (BTS), size effect and
the comparison between BTS and uniaxial tensile strength are analyzed. Implications of
this numerical analysis to laboratory testing, and more importantly, to the calibration of
material properties in DEM modeling in general are also discussed.
Chapter IV investigates the brittle to ductile shear transition in three-point and four-
point bending tests. The effect of the failure mechanisms on the size effect is explored.
Chapter V examines the variation of the cutting force signal with respect to different
failure mechanisms. The effect of the cutting velocity, cutter depth, and softening coefficient
β on the failure mechanisms is elaborated. Then the method of using scratch test to probe
rock heterogeneity and the sensitivity of the cutting force to rock stratification are also
investigated.




CONTACT LAW FOR DEM MODELING OF QUASI-BRITTLE
MATERIALS
2.1 Introduction
Discrete element method (DEM) has been widely used to simulate the mechanical behaviors
of quasi-brittle materials, such as rocks and concretes. DEM models solid as a collection of
particles and therefore allows it to capture the micro-scale failure mechanisms in such ma-
terials [31]. As a prerequisite for DEM modeling, it is essential to calibrate the micro-scale
parameters against macro-scale properties. Often in literature, only the uniaxial compres-
sive strength (UCS) is calibrated. However, it is well known that the failure mechanism
of intact rock is complex under compression. At low confining stress, the failure mecha-
nism is dominated by tensile fractures in the form of wing cracks [17, 53] while at high
confining stress, shear fractures govern the strength. Extensive experimental studies of
rocks [54, 66, 7, 37] suggest the existence of a strong nonlinear failure envelope when the
stress state varies from confined tension to confined compression, as summarized in Figure
2.1(a). Current DEM models are still deficient in capturing the rock failure behaviors at
low confining stress range. In particular, the compressive over tensile strength ratio from
DEM models of a particle assembly in random dense packing is relatively low [60, 98], see
Figure 2.1(b), compared with experimental values which are typically in the range from
10-30. Their corresponding failure envelopes [60, 98] are rather linear and fail to capture
the strong nonlinearity of the failure envelope at low confinement. Nevertheless, rock be-
havior under low confining stress is critical in many engineering applications, for example,
excavation induced damage and borehole breakout.
In this work, we show that the high strength ratio and the nonlinear failure envelope at
low confinement can be modeled by implementing a displacement-softening contact law in
DEM. Previous numerical techniques such as clustering particles [26], increasing the particle
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interaction range [110] or using multiscale representation of the rock fabric [95, 34, 99] have
been proposed to address the issue of low compressive over tensile strength ratio. DEM
modeling with spherical particles having only short range interactions has its appeal over
polygonal particles in its computational efficiency. By implementing the displacement-
softening contact law, the conventional DEM framework [32] is maintained with only the
particle contact law changed.
2.2 Contact Model
Numerical analysis in this work is performed using the discrete element code PFC2D/3D.
The contact model is modified from the default parallel bond model option by including
a softening force-displacement relationship. A parallel bond in PFC can be envisioned as
a series of elastic springs distributed over the contact area between a pair of particles in
contact. Schematics of the particle-particle interactions are shown in Figure 2.2. In addition
to the normal and shear contact forces, bending moments can be transmitted through the
contact between particles.
The default parallel bond contact model has two components and can be described by
two groups of micro-scale parameters: 1) particle-particle contact (point contact): normal
and shear stiffnesses, Kn and Ks ([F/L]), and friction coefficient µ; 2) the parallel bond (area
contact): apparent normal and shear stiffnesses, k̄n and k̄s ([F/L
3]), the normal and shear
bond strengths, σ̄c and τ̄c ([F/L
2]), and the parallel bond radius multiplier λ̄. The radius
multiplier λ̄ defines the contact area radius for the parallel-bond via R̄ = λ̄min(RA, RB),
where RA and RB are the radii of the two particles in contact. These two types of contact act
in parallel. Since the stiffnesses for the two types of contact differ in dimensions, it is more
convenient to specify apparent moduli as the input parameters instead. For example, the
normal stiffnesses Kn for the point contact between particles and k̄n for the parallel-bond
can be determined from,




where Ec and Ēc are the apparent moduli for the particle-particle contact and the parallel-
bond, respectively. Assuming compression positive, the point contact model relates the
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(a) Schematic of a nonlinear failure envelope and the corresponding failure mechanisms for rocks [53].
















(b) Failure envelope from a DEM analysis; fitted by a Mohr-Coulomb and a Hoek-Brown criterion.
















(a) normal (b) tangential (c) rotational
Figure 2.2: Schematic representation of particle interactions in the parallel bond model.
forces and displacements through,
Fn = −Knδn ∆Fs = −Ks∆δs (2)
and follows Coulomb’s law of friction,
|Fs| ≤ µFn if δn≤0, Fn = Fs = 0 if δn > 0 (3)
where Fn and Fs denote the normal and shear contact forces in the point contact, respec-
tively; δn is the overlap (δn > 0 indicates a gap at the contact) and δs is the slip between a
pair of particles.
For the area contact component, before reaching the softening condition, the contact
forces, F̄n and F̄s, and the bending moment, M̄ , follow the linear relationships with the
parallel bond stretch δ̄n, slip δ̄s and the angle of relative particle rotation θ̄,
F̄n = −k̄nAδ̄n ∆F̄s = −k̄sA∆δ̄s ∆M̄ = −k̄nI∆θ̄ (4)
where A is the cross sectional area of the parallel bond, A = 2R̄t (2D; t = 1) or A = πR̄2
(3D), and I is the moment of inertia, I = 2R̄3t/3 (2D) and I = πR̄4/4 (3D).
The softening force-displacement relationship is implemented in the normal component
of the contact (see Figure 2.3). Softening occurs when the normal contact force F̄n in a
parallel bond reaches a limit defined by the normal bond strength, i.e.,
F̄n max = −σ̄cA (5)
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where the softening coefficient β defines the ratio between the loading and softening stiff-
nesses, i.e., β = k̄u/k̄l and k̄l = k̄nA. The perfectly brittle case when β →∞ is the default
parallel bond option in PFC and has often been used in DEM studies in the literature
[32, 98]. The parallel bond fails if one of the criteria below is satisfied,
δ̄n + R̄
∣∣θ̄∣∣ ≥ δ̄c or ∣∣F̄s∣∣
A
≥ τ̄c (7)
If we use the beam theory as an analogy for the parallel bond, the normal bond failure
criterion means that the bond fails if the stretch at the edge of the bond reaches the
threshold value δ̄c. In this model, we set,








When the parallel bond breaks, the bond stretch at a contact is,









Since the rotational contribution is included in the bond failure condition (Eq. 7), for
large β, it is possible that the bond failure condition actually precludes the occurrence of
softening. Both the normal and shear forces, F̄n and F̄s, in the parallel bond reduce to zero,
when the bond fails.
In this work, breakage of a parallel bond, when the failure criteria, Eq. 7, are met at
a contact, is termed a micro-crack event. Note that the micro-scale failure mechanism of
whether the bond fails in tension or in shear does not directly translate to a tensile or shear
failure mechanism at the macro-scale [59, 62]. The micro-scale bond strengths affect the
macro-scale failure behaviors via macro-scale properties such as the strength ratio σc/σt.
For the sake of simplicity in formulating the contact model, we assume that the micro-scale
failure mechanism is inherently tensile, which is reasonable for quasi-brittle materials such
as rocks. Therefore, the softening model is only implemented in the normal direction. Only

















Figure 2.3: Force-displacement law.
the softening behavior. The softening law accounts for the progressive failure of the bonds
and also increases the range of interaction between particles.
2.3 Effect of the Softening Coefficient
Effects of the softening coefficient β on the stress-strain behaviors, the compressive over
tensile strength ratio, and the failure envelope are investigated in this section. Within the
framework of PFC, the scaling laws between the micro-scale parameters and the macro-
scale material properties have been studied previously for the contact bond model and
parallel bond model (β → ∞), e.g., [98, 61, 59]. One of the issues with DEM modeling
using circular/spherical particles with perfectly brittle contact models is that the macro-
scale strength ratio σc/σt, as determined from the peak stresses in the unconfined tests, is
much lower than those of real rocks. As have shown in [61, 59], for the perfectly brittle
contact bond model, when the shear over normal bond strength ratio is relatively small
(τ̄c/σ̄c . 0.5), the micro-scale failure is mostly in shear and the macro-scale strength ratio
σc/σt ∼ 1. The strength ratio σc/σt increases nearly linearly with the bond strength ratio
when 0.5 . τ̄c/σ̄c . 2. When τ̄c/σ̄c & 2, the micro-scale failure is predominantly in tension
and the strength ratio reaches more or less a constant τ̄c/σ̄c ∼ 4. The strength ratio can
be viewed as a measure of material brittleness. A high strength ratio means that, in low
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confining stress range, the material is more likely to fail in the form of tensile fracture at
the macro-scale, while a low strength ratio means that the material is more likely to fail in
shear. A realistic strength ratio is critical to quantitatively model any problems involving
both shear and tensile mode of failure at the macro-scale.
Table 2.1: Baseline micro-scale parameters (2D & 3D).
Particle radii (mm) 0.8-1.66
Density ρ (kg/m3) 2630
Point contact modulus Ec (GPa) 50
Stiffness ratio kn/ks 4.0
Friction coefficient µ 0.5
Parallel bond modulus Ēc (GPa) 50
Bond stiffness ratio k̄n/k̄s 4.0
Radius multiplier λ̄ 1
2.3.1 Stress-strain Curves
A series of uniaxial compression and tension tests with a rectangular sample of W ×H =
60 × 120 mm in 2D and a cylindrical sample of D ×H = 40 × 80 mm in 3D is performed
to determine the effect of the softening coefficient on material strengths. A set of baseline
micro-scale parameters for the particles and contacts is listed in Table 2.1. Particles of
uniform size distribution are generated randomly within the rectangular domain using a
procedure similar to that in [98]. The bond strengths follow Gaussian distributions, where
the standard deviations are 10% of the mean, see Table 2.2 for 2D and Table 2.3 for 3D.
The mean normal bond strength for β → ∞ is set to be σ̄c = 50 MPa. For finite β, σ̄c is






The area of ∆oAB can be considered a nominal measure of the energy loss due to each
bond breakage. The shear bond strength in this model is set to be much larger than the
normal bond strength so that at the micro-scale the bond breaks in tension only.
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(a) uniaxial compression tests



















(b) direct tension tests
Figure 2.4: Stress-strain curves; sample size W ×H = 60× 120 mm (2D).
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(a) uniaxial compression tests





















(b) direct tension tests
Figure 2.5: Stress-strain curves; sample size D ×H = 40× 80 mm (3D).
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Table 2.2: Bond strengths in the contact model and macro-scale material properties (2D).
β 0.015 0.1 ∞
Normal bond strength σ̄c (MPa) 6±0.6 15±1.5 50±5
Shear bond strength τ̄c (MPa) 320±32 320±32 320±32
Elastic modulus E′ (GPa) 47.40 51.18 49.56
Poisson’s ratio ν ′ 0.31 0.29 0.29
Uniaxial compressive strength σc (MPa) 167.93 93.53 63.05
Uniaxial tensile strength σt (MPa) 4.75 8.37 16.42
Strength ratio σc/σt 35.35 11.17 3.84
Table 2.3: Bond strengths in the contact model and macro-scale material properties (3D).
β 0.015 0.1 ∞
Normal bond strength σ̄c (MPa) 6±0.6 15±1.5 50±5
Shear bond strength τ̄c (MPa) 320±32 320±32 320±32
Elastic modulus E (GPa) 41.70 40.86 42.03
Poisson’s ratio ν 0.39 0.35 0.32
Uniaxial compressive strength σc (MPa) 222.68 111.02 61.62
Uniaxial tensile strength σt (MPa) 6.82 7.53 15.57
Strength ratio σc/σt 32.60 14.70 4.18
The 2D and 3D stress-strain curves for β = 0.015, 0.1 and ∞ from the unconfined tests
are shown in Figures 2.4 and 2.5, respectively. The corresponding macro-scale properties
are given in Tables 2.2 and 2.3. As expected, the stress-stain curves display rather brittle
behaviors at β →∞. The stresses drop almost instantaneously once the peaks are reached.
However, nonlinear behaviors in the pre-peak are observed when β decreases. As the soften-
ing coefficient β decreases, the stress-strain curves become relatively ductile. However, even
at β = 0.015, the stress-strain curves are far from becoming “perfectly plastic”. Indeed, as
β decreases from∞ to 0.015, the critical bond stretch at failure δ̄c increases from 0.002R̄ to
0.0165R̄ only. The stress-strain curves at low β also exhibit strain softening characteristics
in post-peak stage (Figure 2.4(b)).
Since the micro-scale modulii and the stiffness ratios are the same for the three cases, the
slopes of the stress-strain curves prior to the peaks are roughly the same for different β. The
magnitude of the uniaxial compressive strength increases from 61.62 MPa to 222.68 MPa
when β decreases from ∞ to 0.015. Meanwhile, the tensile strength decreases from 15.57
13
























bond strength dev. 50%
Figure 2.6: Effect of the bond strength deviation on the stress-strain curve in direct tension
with β = 0.015; sample size D ×H = 40× 80 mm (3D).
MPa to 6.82 MPa. Besides, the overall shapes of the stress-strain curves are reasonable for
rocks.
At β = 0.015, the nonlinear portion is rather pronounced. The stress-strain curve in 2D
deviates from linear elastic behaviors at about 50% of the peak strain. This is consistent
with the experimental observations from [82] where the crack initiation stress is at 40% of
peak stress (45% of peak strain) of Lac du Bonnet granite. In 3D, when β = 0.015, the
nonlinear behavior takes about 90% of the strain prior to the peak. Stress-strain curves
from direct tension are hard to find in literature. Nevertheless, strong nonlinear behavior
has been observed in materials such as Tage tuff, where the strain corresponding to the
nonlinear portion is about 4 times of the strain from the linear elastic portion [89]. Indeed,
the nonlinear portion can be adjusted by tuning the micro-scale contact parameters, e.g.,
the standard deviations of the normal bond strength. By increasing the bond strength
deviation from 10% to 50%, the strain from the nonlinear portion of the curve is reduced
to about 7 times of the strain from the linear portion, see Figure 2.6.
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β →∞ β = 0.1 β = 0.015
Figure 2.7: Distribution of the micro-cracks at 60% of the loading level after the peak in
direct tension; sample size W ×H = 60× 120 mm.
β →∞ β = 0.1 β = 0.015
Figure 2.8: Distribution of the micro-cracks at 90% post-peak in uniaxial compression;
sample size W ×H = 60× 120 mm.
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In a DEM simulation, localization and coalescence of the micro-scale cracks along a
plane can be interpreted as development of a macro-scale crack or a shear band, while
clustering of the micro-scale cracks in the bulk can be considered equivalent to growth of a
crushed or damaged zone. The particle assemblies fail as a result of localization in form of
a mode-I crack in the direct tension tests and shear bands in the unconfined compression
tests, respectively.
UCS and UTS exhibit different relationships with respect to β. The different trend
may be attributed to the differences in the process of micro-crack evolutions. The softening
coefficient β does not seem to have a significant influence on the overall failure mechanisms
at the macro-scale. In the direct tension tests, the sample fails as a mode I crack grows
across the whole cross-sectional area, see Figure 2.7. In uniaxial compression tests, shear
bands can be clearly observed when β →∞ and as β decreases to 0.1 and 0.015, see Figure
2.8.
At the micro-scale, there are barely any micro-scale cracks at the peak in 2D direct
tension tests, (see Figure 2.9). The number of micro-cracks is N = 3 when β = 0.1 or ∞,
and N = 0 when β = 0.015. But the number of micro-cracks jumps up immediately after the
peak. Since the stress field is rather uniform, the micro-cracks appear nearly simultaneously
across the width, suggesting that UTS depends strongly on the mean bond strength σ̄c.
Meanwhile, in the uniaxial compression tests, there is considerable accumulation of micro-
cracks prior to the peak. Since the nominal energy loss for a bond failure is set to be the
same for all β, the total number of micro-cracks or bond failures at the peak becomes the
primary factor influencing the UCS. At the peak, the total number of micro-cracks increases
from N = 67 at β → ∞ to 202 and 362 at β = 0.1 and 0.015, respectively. Consequently,
UCS increases from 63.05 MPa to 167.93 MPa as β decreases from∞ to 0.015. In addition,
the differences in the micro-scale failure behaviors also suggest that while the pre-peak
nonlinearity in direct tension is mostly a manifestation of the softening effect, where the
apparent stiffness of the whole sample is decreasing because some of the contact bonds
are in softening, the nonlinearity in uniaxial compression is a combined effect of both bond
breakage and bond strength softening. The overall trends in the variations of the unconfined
16
strengths with β in 3D are consistent with those in 2D, see Figure 2.10.
Dependence of the unconfined strengths, σc and σt, on micro-scale failure mechanisms
could be further understood from analyzing the contacts in softening. For the bonds in






Where δ̄1, δ̄2 and δ̄n are shown in Figure 2.3. Based on the definition, ξ is in the range
from 0 to 1. ξ = 0 means the bond is at the peak of the force-displacement curve between
two particles, and ξ = 100% means the bond is broken. ξ is also a measure of the degree of
energy release due to bond softening.
Take the example of the 2D direct tension test with β = 0.015. All micro-scale bond
damages are recorded and sorted based on their respective ξ at the peak (see Figure 2.11(a)).
The result suggests that most of the bonds in softening at the peak stage are only slightly
damaged with ξ < 20%. The total number of the damaged bonds with ξ < 20% takes nearly
95% of the total number of damaged bonds, while the number of high energy dissipation
events with ξ > 60% takes less than 1%. The histogram in Figure 2.11(b) shows that most
of the events are distributed in the range ξ < 20%. The peak tensile strength is dominated
by those events with high ξ, because the sample collapses as soon as micro-cracks appear.
It therefore explains that the tensile strength is primarily related to the bond strength.
On the other hand, in the uniaxial compression tests, the distribution of the damaged
bonds shows a different pattern. The percentage of damaged bonds with ξ ' 5% to ξ ' 60%
is nearly constant at about 5%, see Figure 2.12(a). The histogram shows that the number
of low energy dissipation events takes about 60% of total number of damaged bonds. This
is consistent with the observation from experiments [82]. In the uniaxial compression tests,
the fracture initiation usually happens at about 40%-50% of the peak. The sample fails only
after the damaged bonds accumulate to form a shear band. Thus, the uniaxial compressive
strength is significantly affected by the number of softening bonds.
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(a) uniaxial compression tests




































(b) direct tension tests
Figure 2.9: Histories of the loading stresses and the micro-crack numbers in 2D; sample
size W ×H = 60× 120 mm.
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(a) uniaxial compression tests



































(b) direct tension tests
Figure 2.10: Histories of the loading stresses and the micro-crack numbers in 3D; sample
size W ×H = 60× 120 mm.
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Figure 2.11: 2D direct tension test at peak, β = 0.015.
20



































































Figure 2.13: Strength ratio vs. the softening coefficient.
2.3.2 Strength Ratio
Because of the different mechanisms governing the uniaxial compressive and tensile strength,
the softening coefficient β can effectively adjust the compressive to tensile strength ratio
σc/σt. Variation of the strength ratio σc/σt as a function of β is shown in Figure A.4. When
β ≥ 3.5 in 2D, the strength ratio remains almost constant, σc/σt ' 3.7. This observation at
large β agrees with [60] in that behaviors of a particle assembly are affected by the softening
law only when the softening stiffness ku is lower than a threshold value. Otherwise, the
softening contact model is effectively the same as the perfectly brittle model. As β decreases
further, UTS decreases, but UCS increases. The strength ratio σc/σt = 11.17 at β = 0.1 and
σc/σt = 14.26 at β = 0.05, are reasonably close to many rocks. At β = 0.015, σc/σt = 35.35
is perhaps about the upper limit for most rocks [36]. The softening coefficient β indeed has
a significant influence on the strength ratio when β < 3.5. In 3D, the correlation between




Hoek et al. [55] introduced a nonlinear failure criterion based on experimental data for
the design of excavation of hard rocks. The criterion is initially constructed for intact
rocks and is subsequently modified to account for the existence of joints in rock mass. The
Hoek-Brown failure criterion can be expressed as,








where σ1 and σ3 are the major and minor principal stresses at failure; σc is the uniaxial
compressive strength of the intact rock; and m and s are material constants, where s = 1
for intact rock.
A series of confined compression and tension tests are performed to obtain the failure
envelope using the micro-scale parameters listed in Tables 2.1-2.3 with β = 0.1. Sample
dimensions same as those in the previous section are used. In this study, we also calculate
the equivalent friction angle φ for the Mohr-Coulomb criterion by matching the area under
the failure envelopes in the range of σ3 ∈ [0, σ3,max], see details in [55].
From Figure 2.14, we can see that the nonlinear failure envelope in the confined tension
stage is properly captured by the softening model. Furthermore, the strength ratio σc/σt is
approximately 14 in 3D and 11 in 2D, comparable to general rocks. The simulation results
are fitted by Hoek-Brown criterion (see Eq. 12), and the parameters are listed in Table 2.4.
The constants m and s obtained from the 2D and 3D simulations are comparable to that
for a wide range of medium to high strength rocks, e.g., gneiss [44], marble [38, 43, 65], and
sandstone [91, 94, 65].
The failure mechanism transition from tensile to shear failure with respect to the ratio of
σ3/σ1 is demonstrated in Figure 2.15. In the confined tension test with confinement σ1 = 10
MPa, σ1/σ3 < −0.2, the failure is in a brittle mode in form of a tensile crack. All the micro-
cracks are nearly perpendicular to the loading direction, suggesting a brittle failure mode.











































(a) 2D results (b) 3D results
Figure 2.14: Complete failure envelopes. Dots represent the simulation results, while the
blue line is the regression curve based on Hoek-Brown Criterion. Fitting parameters are
listed in Table 2.4.




σc (MPa) 93.53 111.02
φ (degree) 42.88 37.36
σt (MPa) 8.42 7.53
Strength ratio σc/σt 11.11 14.74
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σ1/σ3 < −0.2
σ1 = 10 MPa
−0.2 < σ1/σ3 < 0.05
σ1 = 60 MPa
0.05 < σ1/σ3 < 0.17
σ3 = 10 MPa
0.05 < σ1/σ3 < 0.17
σ3 = 60 MPa
Figure 2.15: Distribution of micro-cracks at 90% of post-peak under different confinements
in 2D; sample size W ×H = 60× 120 mm.
failure is still governed by tensile cracks. It is interesting to note that most of the micro-
cracks are oriented along the loading direction (splitting type). However, the macro-scale
tensile cracks are inclined with respect to the horizontal direction, indicating a mixed mode
characteristics. In confined compression test when σ3 = 10 MPa, 0.05 < σ1/σ3 < 0.17, the
localized micro-cracks can be observed along the diagonals of the sample. Meanwhile, no
mode I tensile fractures can be observed under this condition. The failure of the sample is
now governed by the macro-scale shear bands. When confinement increases to σ3 = 60 MPa,
the failure pattern is similar to that of σ3 = 10 MPa. The strength of the sample is governed
by the formation of the shear bands, or in other words, a ductile failure mode. This failure
mechanism transition from brittle to ductile in confined compression and tension tests is
corroborated by experimental results reported in [100].
2.4 Material Properties Calibration for LdB Granite and Berea Sand-
stone
The numerical simulation results from the previous section demonstrate that the displacement-
softening contact model is able to capture the characteristics of quasi-brittle materials, e.g.,
uniaxial compressive to tensile strength ratio and the macro-scale failure patterns. In this
section, we will apply the proposed model to simulate two different types of rocks, Lac du
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Table 2.5: Material properties of Lac du Bonnet granite [83].
Elastic modulus Ec (GPa) 60 - 70
Uniaxial compressive strength σc (MPa) 136 - 250
Uniaxial tensile strength σt (MPa) 6 - 12
Strength ratio σc/σt 20 - 30
Table 2.6: Material properties of Berea sandstone [18, 39].
Elastic modulus Ec (GPa) 8 - 24
Uniaxial compressive strength σc (MPa) 79
Uniaxial tensile strength σt (MPa) 4.9 - 7.3
Strength ratio σc/σt 10 - 16
Bonnet (LdB) granite and Berea sandstone. The properties of Lac du Bonnet granite have
been extensively studied as part of the Underground Research Laboratory (URL) project
in Canada [101, 84]. Experimental results, including unconfined and confined tests, are
well documented in [83] and the references therein. Berea sandstone is a sedimentary rock
where the grains are predominantly sand-sized and are composed of quartz held together
by silica. The relatively high porosity and permeability of Berea Sandstone makes it a good
reservoir rock. Compared with Lac du Bonnet granite, the grains of Berea sandstone are
less angular.
Material properties of LdB granite [83, 82] and Berea sandstone [18] are listed in Tables
2.5 and 2.6, respectively.
2.4.1 LdB Granite
In this section, both unconfined and confined numerical simulations are conducted with
samples W ×H = 60× 150 mm in 2D and D ×H = 40× 100 mm in 3D. The aspect ratio
of 2.5, instead of the typical ratio of 2, is employed to match that from the experiments in
[82]. Micro-scale parameters of the numerical models for LdB granite are listed in Table
2.7. Since no attempt is made to match the similarity in grain size and shape with actual
grains, the average grain size in all numerical models in this study is kept at d ' 1 mm.
As expected, the stress-strain curve is linear elastic in the pre-peak. The stress level
drops nearly instantaneously once the peak is reached. Since the unconfined compressive to
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Table 2.7: Calibrated micro-scale parameters for LdB granite.
2D 3D
Softening coefficient β 0.03 0.045
Normal bond strength σ̄c (MPa) 13±1.3 15±1.5
Shear bond strength τ̄c (MPa) 320±32 320±32
Point contact modulus Ec (GPa) 67.59 78.79
Parallel bond modulus Ēc (GPa) 67.59 78.79
Elastic modulus E
′
c (GPa) 67.52 69.08
Uniaxial compressive strength σc (MPa) 218.6 230.0
Uniaxial tensile strength σt (MPa) 9.05 11.3
Strength ratio σc/σt 24.15 20.35
Table 2.8: Hoek-Brown criterion parameters and results for LdB granite and PFC models.
Parameters LdB granite 2D 3D
m 26.19 24.25 18.14
s 1 1 1
σc (MPa) 229.45 229.28 211.90
φ (degree) 52.16 51.41 50.83
σt (MPa) 8.75 9.44 11.65
Strength ratio σc/σt 26.22 24.29 18.19
tensile strength ratio of LdB granite is up to 30, the softening coefficient is calibrated to be
β = 0.03. However, even β is at such a low level, the stress-strain curve, see Figure 2.16(a),
still shows the the strain softening characteristics in post-peak stage. At the initial loading
stage, the stress-strains curve from the experiment exhibits a relatively low modulus, caused
by the initial closure of the flaws in the rock sample. No attempt is made in this study
to simulate this nonlinear portion. As such, the numerical results show a nearly constant
elastic modulus prior to crack initiation.
Figure 2.17 shows a comparison of the failure envelope of LdB granite and the models.
Curve fitting of the experimental data with Hoek-Brown criterion shows that σc/σt for LdB
granite is 26.22 with friction angle φ = 52.16◦. For PFC2D, the envelope shows an excellent
agreement. In particular, the high strength ratio and a realistic friction angle are both
captured by the softening model, i.e., σc/σt = 24.29 and φ = 51.41
◦. On the other hand,
the envelope obtained from PFC3D exhibits a slightly low friction angle, φ = 50.83◦. It is
important to note that granite usually consist of angular grains, which leads to a higher
27




































Figure 2.16: Comparison of stress-strain curves between simulations and experiments;
experimental results of LdB granite are digitized from [82].
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Figure 2.17: Failure envelopes of LdB granite vs. simulations. Experimental results of LdB
granite is digitized from [83]; blue dashed lines and red solid line represent the regression
curves of simulations and experiments based on Eq. 12, respectively; the parameters and
results are summarized in Table 2.8.
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friction angle (φ ∈ [45◦, 65◦]) than that in rocks consisting of round grains, e.g., sandstone.
Nevertheless, the unconfined compressive to tensile strength ratio from 3D simulations is still
in a reasonable range compare to experimental results, i.e., σc/σt ∈ [20, 30]. Furthermore,
it is expected that a higher friction angle could be obtained by the softening model coupled
with some other techniques, e.g., flat-joint model [99] or rolling resistance model [1], which
could introduce angularity to the grains.
pre-60% pre-70% pre-80% pre-90% peak post-80%
Figure 2.18: Evolution of micro-crack in uniaxial compression test in 2D; sample size
W ×H = 60× 150 mm.
The distribution of micro-cracks in PFC shows the typical shear bands similar to exper-
imental observations. Figure 2.18 shows the distribution of micro-cracks at different stages.
The first few events of the micro-cracks are observed at about 60% of the loading level,
mostly near the center of the sample, nearly perpendicular to the loading directions. As the
load keeps increasing, more isolated micro-cracks are generated along the diagonal of the
sample, where the shear band would eventually form. At the peak, the isolated micro-cracks
coalesce and shear bands can be clearly identified. The shear band inclination is about 21◦
w.r.t. the direction of loading. Meanwhile, cracks developed along the loading direction are
observed adjacent to the shear band surface. The final failure pattern observed in PFC2D
is quite similar to that in experiments reported by [82], see Figure 2.19.
Evolution of the micro-cracks from the 3D simulation is similar to those from 2D and
is not shown here for brevity.
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Table 2.9: Calibrated micro-scale parameters for Berea sandstone
3D
Softening coefficient β 0.15
Normal bond strength σ̄c (MPa) 15±1.5
Shear bond strength τ̄c (MPa) 320±32
Point contact modulus Ec (GPa) 20.0
Parallel bond modulus Ēc (GPa) 20.0
Elastic modulus Ec (GPa) 17.98
Uniaxial compressive strength σc (MPa) 108.35
Uniaxial tensile strength σt (MPa) 6.80
Strength ratio σc/σt 15.88
Figure 2.19: Failure pattern from an unconfined compression experiment on LdB
granite[82], the failure surface is inclined at 23◦ with respect to the loading direction.
2.4.2 Berea Sandstone
The unconfined and confined three dimensional numerical simulations are performed on
Berea sandstone samples with D ×H = 40× 80 mm. The macro-scale material properties
of Berea sandstone are listed in Table 2.6 [18]. We assume the Berea sandstone samples
used in experiments are intact. So s = 1 is applied for the Hoek-Brown Criterion as shown
in Eq. 12.
The agreement of PFC3D and experimental results is excellent from the complete fail-
ure envelope standpoint. More importantly, the agreement of the tensile and compressive
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Figure 2.20: Failure envelopes of Berea sandstone vs. simulations. Experimental data is re-
ported in [18]. Red solid line represents the regression curves of simulations and experiments
based on Eq. 12. The parameters are summarized in Table 2.10.
strength is also satisfactory. In laboratory tests, the friction angle measured is φ = 38.55◦
while in PFC3D, φ = 37.36◦. The comparison of the failure envelope between experiments
and simulations is presented in Figure 2.20.
The complete stress-strain curves obtained from unconfined tests are shown in Figure
2.21. The critical strain at peak in unconfined compression test is εc = 0.0069 while the peak
stress is σc =108.35 MPa. In direct tension test, the stress-strain curve shows an instant
drop in post-peak stage indicating the numerical model is rather brittle. The critical strain
at peak is εc = 0.0013 while the peak stress is σt = 6.80 MPa. As such, the strength ratio
σc/σt = 10.65 is consistent with experimental results.
Meanwhile, the failure pattern under various confining pressure shows localized shear
bands along the diagonals of the sample, see Figure 2.22. When the confining pressure is
low, a strong localization can be seen inclining about 29 degree w.r.t. the loading direction.
The higher the confining pressure is, the more localized micro-cracks along the diagonals. In
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(a) unconfined compression test





















(b) direct tension test
Figure 2.21: Stress-strain curves for unconfined tests in 3D; sample size D ×H = 40× 80
mm.
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Table 2.10: Hoek-Brown criterion parameters and results for Berea sandstone and PFC
models.
Parameters Berea sandstone 3D
m 10.40 10.56
s 1 1
σc (MPa) 97.63 97.67
φ (degree) 38.55 37.36
σt (MPa) 9.30 9.17
Strength ratio σc/σt 10.5 10.65
σ3 = 5 MPa σ3 = 10 MPa σ3 = 40 MPa
Figure 2.22: Distribution of the micro-cracks at peak in 3D confined compression tests;
sample size D ×H = 40× 80 mm.
confined tension tests, the failure of the sample is caused by the development of the tensile
cracks, as shown in Figure 2.23. As can be seen, not only the complete failure envelope,
but also the localized shear bands and tensile cracks can be captured by implementing the
softening contact law introduced in this chapter.
2.5 Conclusions
The discrete element method has been widely used to investigate the failure of quasi-brittle
materials. However, conventional modeling techniques suffer from a low compressive to
tensile strength ratio σc/σt. Besides, the nonlinear failure envelope at low confinement
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σ1 = 5 MPa σ1 = 10 MPa
Figure 2.23: Distribution of micro-cracks at 90% post-peak in 3D confined tension tests;
sample size D ×H = 40× 80 mm.
cannot be properly captured. In this study, both two and three dimensional simulations
are conducted to investigate the effectiveness of a displacement-softening contact law in
improving the behavior of the numerical model. Implementation of the softening contact
model allows us to explore materials with realistic properties, such as the compressive to
tensile strength ratio σc/σt. We show that the softening coefficient β could only be effective
in influencing the strength ratio if β is below a threshold value. As β decreases from the
threshold value, the strength ratio increases, i.e., σc/σt ∈ [4, 30], which covers the strength
ratio range for most common rocks.
As consistent with experimental observations, the nonlinear failure envelope under con-
fined tension is properly captured by applying the softening model. The numerical model is
calibrated to compare with two different types of rocks: Lac du Bonnet granite and Berea
sandstone. The numerical results from PFC2D successfully captured the characteristic fail-
ure pattern, as well as the mechanical properties of hard rock, including the high shear band
angle, axial cracks near the shear plane, high friction angle, and reasonable σc/σt ratio. The
friction angle predicted from PFC3D for hard rock is slightly lower than laboratory tests,
it is nevertheless reasonable because granite usually consists of angular grains that lead to
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high degree of interlocking. However, given a material consists of round grains, e.g., Berea
sandstone, the PFC3D simulation results show that the complete nonlinear failure envelope
could be matched, in addition to the high compressive to tensile strength ratio σc/σt.
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CHAPTER III
FAILURE MECHANISMS AND SIZE EFFECT IN INTACT
BRAZILIAN TEST
3.1 Introduction
Uniaxial tensile strength of quasi-brittle materials such as rocks and concretes is often
measured indirectly by the Brazilian test. In the test, a circular disk-shaped specimen
is loaded to fail in a splitting pattern under diametrical compression. Essential to the
justification for the Brazilian test is that the elastic solution [56] predicts that the tensile
stress perpendicular to the loading axis is nearly constant in a large portion of the central
loading plane. Meanwhile, experimental observations [20, 88, 54, 100, 53] suggest that
failure in confined extension still occurs according to the uniaxial tensile strength, if the
magnitude of the compressive principal stress in a biaxial stress state is no more than a few
times of the tensile stress. The Brazilian tensile strength (BTS) is therefore considered a
good measure of the uniaxial tensile strength (UTS) with the premise that tensile failure
initiates from the center of the specimen and propagates unstably towards the two loading
platens. Given the specimen diameter D and thickness t, the nominal strength based on





Compared to the direct tension test, the Brazilian test is relatively robust to perform.
Nevertheless, since the location of crack initiation is difficult to be unambiguously discerned
from visual inspection after routine testing, validity of the results has often been questioned
(see review in [5, 6, 72]). Much of the discussion in the earlier literature focuses on how the
loading platens and the contact condition/area affect the failure mechanisms. As pointed out
by Fairhurst [40], small angles of loading contact area with materials of low compressive over
tensile strength ratios could result in failure occurring away from the center and the tensile
strength being underestimated. In other words, there is an alternative indentation-type of
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failure scenario where the splitting failure pattern forms as a result of cracks emanating
from the crushed zones beneath the loading areas.
Existence of both failure scenarios has been verified through a variety of experimental
techniques, e.g., high speed photography of the photoelastic patterns [27], loading/unloading
process controlled by lateral displacement [63, 86], strain gages [123], acoustic emission [69]
and digital image correlation [113]. Similar evidences were also obtained based on the images
from a high-speed camera in the dynamic Brazilian tests [130, 129]. These experimental
findings were corroborated by numerical analyses [71, 72], though we should recognize that
the failure mechanisms in numerical analyses are largely dictated by the constitutive models
assumed a priori.
The difference between BTS and UTS obtained from laboratory experiments is well
recognized. Depending on the rock types, BTS has been found to both overestimate and
underestimate the UTS. The ratio, σBTS/σUTS, was found in [94] to scatter in between 0.56
for trachyte and 1.86 for sandstone. Rock type specific correlations were suggested [94]:
σUTS = fσBTS, f = 0.9 for metamorphic, f = 0.8 for igneous and f = 0.7 for sedimentary
rocks. Meanwhile, in some studies [69, 78], Brazilian test has been reported to exhibit size
effect, namely, the dependence of the Brazilian tensile strength on the test sample size.
When the effect of sample shape is excluded (constant t/D), BTS was found to decrease
monotonically with D ∈ [19, 56.5] mm in [78]. But the size effect is concluded statistically
insignificant in [86] when D & 50 mm (2 in.) and in [115] when D ∈ [45, 80] mm. Using
perhaps the largest Brazilian test sizes, D ∈ [0.1, 3] m and t = 0.5 m, Hasegawa et al. [47]
showed that BTS of concrete decreases with the diameter, but becomes nearly constant
when the diameter is large enough. However, a possible weak reversal of the decreasing
trend was suggested in [13], namely, as the diameter becomes large, BTS seems to increase
instead of decreasing before reaching the asymptote. Table 3.1 and Figure 3.1 summarizes
the aforementioned studies as well as the work in [121] on the size effect in the point load and
direct tension tests. At least 15 specimens were tested for each diameter in [121]. Since the
point load test, where a pair of concentrated loads is applied diametrically in a cylindrical
sample, is similar to the Brazilian test, the results from [121] serve as a valuable reference.
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Excluding the results with small sample diameters (D < 1 in.), the experimental evidences
seem to collectively suggest a general size effect trend where BTS decreases as the diameter
increases and becomes nearly constant as the diameter becomes sufficiently large.
Size effect in the strength of quasi-brittle materials has been attributed to the statistical
distribution of weakness in the materials [120], fractal characteristics of cracks and/or flaws
[23], or stress redistribution and growth of a process zone near the crack tip [10, 11, 12].
Lundborg [78] invoked Weibull theory to explain the decreasing trend in the BTS. Bažant
[10, 11, 12] however argued that since failure of quasi-brittle materials is primarily governed
by energy dissipation in the process zone ahead of the crack tip instead of crack initiation or
formation of the crack surfaces, neither Weibull theory nor the crack fractality argument is
the most appropriate explanation. Existence of a process zone near the crack tip has been
strongly supported by experimental evidences from acoustic emission monitoring [69, 24]
and digital image correlation [76].
The size effect laws of Bažant [10, 11, 12] have been developed based on asymptotic
analysis of two limiting cases, namely, the “strength-of-material” type of failure criterion and
the linear elastic fracture mechanics (LEFM) theory. The underlying arguments are that in
the limit when the characteristic sample size l is small and comparable to that of the process
zone, failure is governed by the strength of material; and when the sample size is much
larger than the size of the process zone, the effect of the process zone becomes negligible
and failure can be described by LEFM. A nominal strength σN is therefore constant for
small l and decreases asymptotically according to l−1/2 when l becomes large. Note that
this deterministic or non-statistical size effect argument assumes that the samples obey
geometrical similarity, where the size of material defect, a, scales according to the sample
size a ∝ l. This may not necessarily be valid at the scale of laboratory tests on intact
samples. Though this size effect law reasonably describes results from tests such as notched
three-point bending [12], it is inadequate to explain the observation that the size effect
vanishes at large D in the Brazilian test. Instead, shear failure or the wedging effect at the
loading ends [13] was suggested as a possible mechanism to overcome the weakening effect
of D−1/2 as D increases.
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Figure 3.1: Experimental evidences of size effect. Details about the experimental data can
be found in Table 3.1.
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Over the last few decades, discrete element method (DEM) [32] has become an indis-
pensable numerical tool to model the progressive failure in quasi-brittle materials. DEM
models solid as a collection of particles, where failure mechanisms at the macro-scale emerge
as a generic consequence of particle sliding and separation at the micro-scale. A prerequisite
in DEM modeling is to calibrate the material properties by identifying a set of micro-scale
parameters for the particles and the contacts so as to yield desirable properties at the
macro-scale. We notice that in DEM modeling with a randomly packed spherical particle
assembly, while BTS is often reported in the literature as the tensile strength for the pur-
pose of material properties calibration, to the best of our knowledge, there is no indication
that the failure mechanism in those studies is indeed in form of tensile crack initiation from
the center.
In order to better understand how the failure mechanisms and the sample size in the
Brazilian test affect BTS and how BTS compares with UTS, we conduct a comprehensive
numerical study using the discrete element method (DEM) to model the intact Brazilian
test. First, failure mechanisms in the Brazilian test and their dependence on the material
properties and sample size are examined. Second, we focus on the connection between
the failure mechanisms and BTS as well as the size effect and the comparison between
BTS and UTS. A novel aspect of this study is that we implement a new contact model
accounting for softening in the contact bond strength. As such, not only realistic rock
properties, especially, the uniaxial compressive over tensile strength ratio σc/σt, can be
obtained, dependence of the failure mechanisms on the macro-scale material properties as
well as the sample size, as consistent with experimental evidences from the Brazilian test,
can also be reproduced in the numerical simulations. In particular, the diametrical splitting
failure pattern resulted from a tensile crack initiation and propagation from the center can
now be simulated numerically in a randomly packed spherical particle assembly.
Intact Brazilian test is then modeled in both 2D and 3D to explore how the failure
scenarios are affected by the material properties as well as the sample size. Implications of
this numerical analysis to laboratory testing, and more importantly, to the calibration of
material properties in DEM modeling in general are also discussed.
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Table 3.1: Summary of experimental results (Unit: mm).
Ref. Index Shape Testing Method Material Diameter D Thickness t Trend No. of tests/size
[13] r1 cylinder Brazilian concrete 19 - 508 t = 51 [A] 3
[107] r2a cylinder Brazilian granite 30 - 240 t = 30 [B] ≥ 3
r2b prism Brazilian mortar 17 - 300 t = 50 [B] ≥ 3
[78] r3 cylinder Brazilian granite 19 - 56.5 t/D = 1 [A] 5
[115] r4 cylinder Brazilian limestone 45 - 80 t/D = 1 [C] 4
[121] r5a cylinder point load granite 8 - 62 t/D = 2 [C] 15-20
r5b1 cylinder direct tension granite 7 - 56 t/D = 4 [C] ≥15
r5b2 cylinder direct tension granite 6 - 42 t/D = 2 [C] ≥15
r5b3 cylinder direct tension granite 8 - 40 t/D = 1 [C] ≥15
[67] r6 cylinder Brazilian concrete 57 - 1000 - [A] -
[25] r7 cylinder double punch concrete 75 - 150 - [C] -
[47] r8 cylinder Brazilian concrete 100 - 3000 t/D = 1 [A] 1 - 3
[109] r9 cylinder Brazilian concrete 23 - 140 - [A] -
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[118] r10 dog-bone direct tension concrete 50 - 1600 t = 100 [A] 3-5
[105] r11 cylinder Brazilian concrete 50 - 300 - [C] 3
[86] r12a cylinder Brazilian granite 13 - 76 t/D = 0.5 [C] unknown
r12b cylinder Brazilian sandstone 13 - 76 t/D = 0.5
r12c cylinder Brazilian limestone 13 - 76 t/D = 0.5
r12d cylinder Brazilian sandstone 13 - 76 t/D = 0.5
Trend classification:
[A]: strength decreases with increasing sample size;
[B]: strength increases first, then decreases with increasing samples size;
[C]: strength is independent of sample size;
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3.2 Numerical Model Setup
Numerical test is performed with the contact law discussed in Chapter II with β = [0.015,∞)
and D = [40, 320] mm to investigate the failure mechanisms on the softening coefficient
β and the sample diameter D. It should be mentioned that here we make no attempt to
match the macro-properties of the model to those of specific rocks, since the primary focus
of this work is to investigate the effect of the strength ratio σc/σt, as adjusted through
the softening coefficient β, on the failure behaviors and size effect in the Brazilian test in
general.
To understand how different strength ratios can impact the failure mechanisms, a series
of simulations with β = 0.015, 0.1, and ∞ are carried out in detail. The micro-scale
parameters for both 2D and 3D simulations are listed in Table 2.1. The resulted macro-
scale material properties in 2D and 3D are listed in Table 2.2 & 2.3 , respectively.
A circular particle assembly consisting of bonded particles are compressed by two hor-
izontal wall elements placed at the top and bottom of the circular specimen. Velocities of
the walls are applied in a ramp-up fashion with the terminal velocities chosen to be much
smaller than the compressional wave velocity of the particle assembly so that the loading
process can be approximated as quasi-static. 2D simulations are first conducted and ana-
lyzed. Selective 3D simulations are then performed to verify the 2D analysis. To reduce
the influences stemming from the random nature of the particle assemblies, at least three
samples for each size are generated.
3.3 Two Dimensional Simulations
3.3.1 Macro-scale Failure Patterns
In order to investigate the dependence of the failure mechanisms in the Brazilian test on the
macro-scale material properties and the sample diameterD, a series of numerical simulations
are performed with β = [0.015, ∞) and D = [40, 320] mm. The smallest sample to mean
particle size ratio is D/dp ∼ 16.
Evolution of the micro-scale failures from 12 selected cases of two dimensional simula-
tions around the peak load is shown in Figure 3.2. The spatial and temporal coordinates
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of a micro-crack are represented by the position and color of a line segment, drawn in the
direction perpendicular to the contact axis of a pair of particles. Note that the length of
the line segment is magnified for the purpose of easier visualization. The color of the line
segment marks the bond breakage time normalized by the elapsed time of a simulation
stage. The start of loading is 0 and the end of the simulation stage is 1. Sequence of the
micro-crack development can therefore be inferred from the color of the line segments. Blue
indicates early time while brown means late time. Unless otherwise noted, this jet colormap
is followed in all other micro-crack plots in this work.
Two primary failure scenarios can be identified from this series of simulations. Scenario
I in Figure 3.3 refers to the failure mechanism where micro-cracks appear first in the center
of the sample and then coalesce to form a macro-scale tensile crack, propagating towards
the loading walls. There is no significant growth of a damaged zone beneath the loading
walls during the initiation and propagation of the tensile crack. The cases in Figure 3.2
with β = 0.015, D = 40, 80, 200 mm, β = 0.05, D = 40 mm and β = 0.1, D = 40 mm
fail according to Scenario I. Notice that locations of the micro-cracks at the early time are
affected by both the randomness and the discrete nature of the specimens. As a result,
the tensile crack in the cases with β = 0.015 and 0.1 and D = 40 mm initiates slightly
off the central loading axis. Scenario II corresponds to the mechanism where the micro-
crack events occur first adjacent to the loading walls. The micro-cracks then accumulate
to form two distinct clusters, which resembles the formation of damaged zones. Growth
of the micro-crack clusters eventually leads to initiation and propagation of tensile cracks
either from both ends towards the center of the specimen (β = 0.1, D = 280 mm; β = ∞,
D = 320 mm) or from one loading end to the other (β =∞, D = 80 and 160 mm). There
are also transition cases where growth of the tensile crack at the center and formation of the
damaged zones near the ends occur more or less simultaneously and the two mechanisms do
not appear to have a cause and effect relationship (β = 0.05, D = 160 and 280 mm; β = 0.1,
D = 160 mm). Scenario I corresponds to the conventional center crack failure mechanism
we generally assume for the Brazilian test, while Scenario II resembles indentation induced

























































































































































































































































avoided using terms such as “brittle” or “ductile” in describing the macro-scale failure
mechanisms in order to be clear of any ambiguity.












Figure 3.3: Dependence of the macro-scale failure mechanisms on the softening coefficient
β and the diameter of the specimen D (2D).
Additional simulations are performed to populate a failure mechanisms map in Figure
3.3. This summary of the failure scenarios from all the simulations suggests that transition
of the failure modes from Scenario I to Scenario II occurs when either β or D increases. At
β = 0.015 and 0.02 (σc/σt = 28.8), all the simulations cases with the diameter D ranging
from 40 mm to 320 mm fail according to Scenario I. Meanwhile, at β = 1 (σc/σt ' 5.4), 100
and ∞, all the cases fail according to Scenario II. At β = 0.1, failure with D = 40 mm can
be clearly identified as Scenario I. As the diameter increases, the failure mechanisms appear
to be in the transition, where both the damaged zones and the tensile crack in the center
develop in parallel. At D ≥ 280 mm, the failure mechanism follows Scenario II. Compared
to the cases with β = 0.05, the transition from Scenario I to Scenario II occurs at a smaller
D as β increases.
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3.3.2 Micro-Scale Failure Evolution
Further insight into the effect of the material properties on the failure mechanisms may be
derived from a detailed examination of the micro-scale failures at different loading levels
in the simulations with β = 0.015, 0.1, and ∞ and D = 280 mm. The force-displacement
relationships for the simulations with β = 0.1 and ∞ display distinct peaks, see Figure 3.4,
while at β = 0.015, the curve seems to show a plateau before the loss of stability. One may
note that in these three cases, as β decreases, the peak forces and consequently the nominal
BTS increases. This is in contrast to the decreasing trend in UTS (see Table 2.2). The BTS
based on the peak forces are σBTS = 13.13, 10.42, and 6.45 MPa for β = 0.015, 0.1 and
∞, respectively. The ratios of σBTS/σUTS are about 2.76, 1.19 and 0.39 for β = 0.015, 0.1
and ∞. If the load level corresponding to center crack initiation is used for β = 0.015, the
BTS reduces to σBTS = 6.64 MPa and σBTS/σUTS = 1.40. The underlying reason for the
opposite trends in the variations of BTS and UTS with β is that the failure mechanisms
in the three cases are not the same. Effect of the failure mechanisms on BTS and the
comparison between BTS and UTS will be discussed in the following sections. In this
part, we focus our discussion on the dependence of the failure mechanisms on the material
properties and the sample size only.
At β →∞, micro-cracks start to appear near the loading walls around 35% of the peak
load. When the loading level reaches about 50% (stage D1 in Figure 3.4), a small damaged
zone can already be identified at each end of the sample, see Figure 3.5. As the micro-cracks
aggregate, the damaged zone grows in size. At 75% of loading (stage C1), there are evidences
of micro-cracks coalescence into forming thin, slit-like features. This may be considered as
equivalent to the initiation stage of the macro-scale cracks. Size of the damaged zones and
length of the cracks both grow stably as the loading level increases to 90% (stage B1).
Eventually, extension of the two primary cracks in the preferential subvertical directions
leads to the collapse of the sample. The two primary cracks, however, do not become
directly linked, instead they create an overlapping pattern, commonly observed in en-echelon
dilating fractures [96]. Since the contact model is perfectly brittle in this case, the crack
trajectories are well-defined and strongly localized.
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Figure 3.4: Force-displacement relationships for the 2D Brazilian tests with β = 0.015, 0.1,
∞ and D = 280 mm.
At β = 0.1, the failure mechanism is similar to that of β → ∞, where formation of
the damaged zones precedes any macro-scale crack growth (see Figure 3.6). However, at
β = 0.1, the micro-cracks, which will later coalesce to form macro-scale cracks, appear
earlier. At 90% of loading (stage B2 in Figure 3.4), the primary cracks are already partially
developed across the whole sample, whereas at β →∞, no micro-crack appears in the center
region of the sample at the same loading level. This could be explained by the fact that
the strength ratio σc/σt is higher at β = 0.1 and at the macro-scale, the material is more
likely to fail in tension. Consequently, the transition from the shear failure, responsible for
the formation of the damaged zones, to tensile failure occurs earlier at a relatively lower
loading level. In addition, it is interesting to note that crack growth at β = 0.1 appears to
have mixed-mode characteristics, reminiscent of a wing crack [41], albeit the growth is in a
reversed order.
At β = 0.015, the micro-cracks first appear in the center of the sample around 55% of




Figure 3.5: Evolution of the micro-scale failure mechanisms with β → ∞ and D = 280





Figure 3.6: Evolution of the micro-scale failure mechanisms with β = 0.1 and D = 280
mm (2D); (a) 50% of loading level-stage D2, (b) 70%-stage C2, (c) 90%-stage B2, (d)
peak-stage A2.
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and grown to about D/3 in length (see Figure 3.7). From stage C3 to A3, micro-cracks
accumulate within two bands bridging the regions between the center crack and the two
ends. It can be discerned from the micro-crack pattern at stage A3 that the center crack
extends downwards in the lower half of the sample. However, in the upper half of the sample,
the sense of crack propagation direction is relatively weak, indicating that the tensile stress
gradient along the loading axis is relatively small. The presence of strong compression near
the ends seems to promote tortuosity in the crack trajectories and formation of the sizable
crack bands. From stage A3 to B3, the force increases slightly by about 3.5% and the band
of the micro-cracks in the center expands laterally. Meanwhile, additional micro-cracks
occur near the two loading walls and secondary cracks start to grow radially inwards from
the perimeter. After stage B3, continuous growth of the secondary cracks eventually causes
the sample to collapse.
Since the failure mechanism after stage A3 is mostly associated the growth of secondary
cracks, the load level at stage A3 can be taken as what is required to split the sample into
two halves by a diametric tensile crack. As similarly observed in laboratory experiments
[106], the two halves of the disk are able to sustain slight increase in the load as the edges
of these two halves are being crushed and secondary cracks emanate from the perimeter.
The difference in the failure mechanisms before and after stage A3 is also reflected in the
force-displacement curve (see Figure 3.4), where after stage A3, the tangent slope of the
curve becomes much smaller. Note that though the failure scenario here is distinct from
the cases with β = 0.1 and ∞, the post peak failure morphology in these three cases in
fact shares similarities. They also show evidences of crushed zones near the loading walls
and the overall failure is in form of diametric splitting. As far as laboratory testing is
concerned, the numerical results from this particular case imply that the peak force in the
force-displacement curve does not necessarily correspond to the moment of center crack
initiation. Furthermore, identifying the failure mechanism simply by post-mortem visual




Figure 3.7: Evolution of the micro-scale failure mechanisms with β = 0.015 and D = 280




Fracturing in quasi-brittle materials has often been associated with the concept of a pro-
cess zone. The so-called process zone may be described as the region where the material
undergoes micro-cracking prior to extension of the fracture and has been experimentally
identified based on the locations of acoustic emission (AE) events [68, 69]. Existence of
a process zone has implications on the stability of fracture propagation and size effect in
material strengths [12]. In order to assess the influence of the process zone development on
the failure mechanisms (and on the BTS), evolution of contact bond softening in the two
representative cases with β = 0.015 and 0.1 and D = 280 mm is analyzed.
Arguably, there is no one-to-one rigorous correspondence between the micro-scale bond
softening and breakage in DEM and the AE events measured based on the transient elastic
wave or the elastic energy released due to micro-cracking. The process zone is therefore
loosely defined here as the region containing contact bonds where the degree of softening,





The degree of softening ξ may be considered as an index measuring the elastic energy
released due to bond softening. Small ξ corresponds to low energy release. Note that since
the criterion for bond breakage includes the rotational contribution, at the moment when
a bond breaks, ξ ≤ 1.
In DEM modeling, given the same loading and geometrical configurations, characteristics
of the process zone are primarily dictated by the prescribed contact model. For the perfectly
brittle contact model (β →∞), bond breakage occurs once the contact forces reach the bond
strengths. Therefore, there is no bond in softening at β →∞. Meanwhile, at β = 0.015 and
0.1, differences in the failure scenarios are reflected not only in the locations of the softening
bonds, but also in the distributions of the degree of softening. Figures 3.8 and 3.9 show
locations of all softening bonds and broken bonds at various stages of loading for β = 0.015
and 0.1. In both cases, the softening bonds appear first adjacent to the loading walls. Onset
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(a) 65% (b) 90%
Figure 3.8: Locations of all the softening bonds (blue) and broken bonds (red) at (a) 65%
and (b) 90% of the loading levels; β = 0.1, D = 280 mm (2D).
of softening is caused by the large compressive forces in response to the highly concentrated
loading from the two walls. In laboratory testing, since the stress concentration at the ends
tends to promote failure according to Scenario II, it is common to use curved loading jaws or
add cushion in between a specimen and the loading platens as remedies to lessen the stress
concentration. As far as DEM modeling of the Brazilian test is concerned, the implication
of these numerical results is that if the loading process is realized through two flat walls
and the contact model is perfectly brittle (β → ∞), stress concentration and micro-scale
failures near the walls are inevitable. Failure according to Scenario II is therefore highly
likely.
At β = 0.1, the softening bonds remain more concentrated near the walls at both 50%
and 65% of loading, suggesting there is a relatively large stress gradient across the zones
with different concentrations of softening bonds. Between 65% and 90% of loading, the
softening bonds gradually fill into the middle region of the specimen, see Figure 3.10. In
this region, softening bonds with ξ ≥ 0.5 as well as isolated broken bonds, which will
eventually coalesce to form the primary crack, appear in a more or less evenly distributed
fashion as the loading level increases, without showing a strong directional sense of crack
propagation. This is consistent with the nearly uniform color of the primary crack in Figure
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3.6(d). Excluding the damaged zones near the walls, if we consider the central region with
softening bonds at ξ ≥ 0.5 as the process zone associated with the primary crack growth, the
length of the process zone in this particular case is in fact relatively large and comparable
to the sample diameter D.
At β = 0.015, as the loading level increases to about 30%, the softening bonds are
already more or less evenly distributed across the loading axis. At 65% of loading, a center
crack has initiated. However, the softening bonds are still evenly distributed in a narrower
band across the diameter if the threshold for the degree of softening is set to ξ ≥ 0.4. Only
when ξ ≥ 0.5, locations of the softening bonds show the central band associated with center
crack growth is detached from the two strips at the ends, see Figure 3.11, indicating that
the tensile stress gradient along the loading axis is rather weak. At 80% of loading, the
tensile crack has extended to about D/3 in length. Softening bonds with ξ ≥ 0.5 are now
clustered in the two strips, connecting the tensile crack in the center with the loading ends.
Differences in the locations of the softening bond clusters with ξ ≥ 0.5 between 65% and
80% of loading reflect the change in the crack tip positions and hence growth of the center
crack.
Between the two cases, damage associated with β = 0.1 (Scenario II) seems to be
relatively more severe. Histograms of the softening bonds at 65% of loading show that at
β = 0.015, the largest percentage of the softening bonds is within 0 ≤ ξ ≤ 0.05, whereas
at β = 0.1, it is within 0.05 ≤ ξ ≤ 0.15, see Figures 3.12 and 3.13. Such a contrast in the
distribution of ξ persists prior to the peaks. Though the total number of softening bonds
at β = 0.015 is higher, most of them are in lower degrees of softening or being associated
with low energy release.
Softening bonds are the precursors of micro-scale failure. At β = 0.1, the micro-scale
failures originate in the same regions where bonds softening first occurs. However, at
β = 0.015, the location of the initial micro-scale failures differs from that of onset of
softening. The differences between the two cases (and also the case with β → ∞) can be
attributed to the fact that in the softening contact model, while the softening criterion is
based on the normal bond strength, the micro-scale failure is controlled by the maximum
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20% peak
(a) 20% (b) 65%
Figure 3.9: Locations of all the softening bonds (blue) and broken bonds (red) at (a) 20%
and (d) 65% of the loading levels; β = 0.015, D = 280 mm (2D); the loading level is w.r.t
stage A3.
(a) ξ ≥ 0.5 (65% of loading) (b) ξ ≥ 0.5 (90% of loading)
Figure 3.10: Locations of the softening bonds with ξ ≥ 0.5 at (a) 65% and (b) 90% of
loading levels w.r.t stage A2; β = 0.1, D = 280 mm (2D); the same jet colormap now marks
the magnitude of ξ.
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(a) ξ ≥ 0.5 (65% of loading) (b) ξ ≥ 0.5 (80% of loading)
Figure 3.11: Locations of the softening bonds with ξ ≥ 0.5 at (a) 65% and (b) 80% of
loading levels w.r.t stage A3; β = 0.015, D = 280 mm (2D); the same jet colormap now
marks the magnitude of ξ.





















Figure 3.12: Histogram of the parallel bonds in softening, 65% of loading w.r.t stage A2;
β = 0.1, D = 280 mm (2D).
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Figure 3.13: Histogram of the parallel bonds in softening at stage D3 (65% of loading level
w.r.t stage A3); β = 0.015, D = 280 mm (2D).
bond stretch δc. To a certain degree, this is somewhat equivalent to state that in these
numerical simulations, failure according to Scenario I is related to a maximum tensile strain
criterion, while failure according to Scenario II is a result of a stress-based criterion.
Overall, the softening contact model is able to produce the characteristics of the process
zone associated with crack growth and the results are qualitatively similar to the AE mea-
surements from the experiments [69]. In these two cases, the lengths of the process zone
at the peak loads are comparable to the sample diameter. The BTS determined from the
peak load is therefore not expected to exhibit size effect in this diameter range. Though
the softening bonds are not exactly equivalent to the AE events, the numerical results do
seem to suggest that determination of the process zone geometry may be affected by the
sensitivity of the AE measurements.
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Figure 3.14: 2D BTS vs. sample size, β = 0.015.
3.3.4 Size Effect
Next we examine how the differences in the failure scenarios and the sample size affect
the nominal Brazilian tensile strength as determined from Eq. 13. The results from these
series of simulations suggest that when β = 0.015, BTS is nearly constant and independent
of sample size, see Figure 3.14. However, when β = 0.1 and ∞, BTS decreases with the
sample size, but reaches a plateau as D/d̄p & 100, where d̄p is the mean particle diameter,
see Figures 3.15 and 3.16. In other words, if the sample fails according to Scenario II, the
size effect can only be observed when sample is small. Moreover, the size effect vanishes for
large samples. Therefore, regardless of the failure mechanism that dominates the Brazilian
test, size effect cannot be captured if the sample size exceeds a threshold value. If we
assume the nominal tensile strength from Braziliant tests σBt is the value at the asymptote
when sample size is large, and then normalize BTS w.r.t. σBt , we can see a clear size effect
transition as shown in Figure 3.17.
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Figure 3.15: 2D BTS vs. sample size, β = 0.1.





















Figure 3.16: 2D BTS vs. sample size, β →∞.
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Figure 3.17: Variation of the normalized splitting strength with the sample size in 2D.
3.4 Three Dimensional Simulations
3.4.1 Macro-scale Failure Patterns
Three dimensional simulations are performed with the same micro-scale baseline parameters
as those in 2D, see Tables 2.1 and 2.3. The macro-scale properties in 3D, obtained from
the unconfined tests on a cylindrical sample of diameter 40 mm and height 80 mm, are not
drastically different from those in 2D. Compared with the 2D results, the strength ratios
are only slightly changed. At β = 0.1, the strength ratio σc/σt = 14.7 is comparable with
common rocks.
The Brazilian test is performed with numerical samples of thickness t = 10 mm. A
total of 12 simulations are conducted with β = 0.015, 0.1 and ∞ and D = 40, 120, 200
and 280 mm. Plane strain condition is imposed by using two vertical walls to constrain the
out-of-plane displacements in the front and back of the particle assembly. A micro-crack
in 3D is now illustrated by projecting a circle on the contact plane onto a vertical plane.
Radii of the circles are magnified from the contact radius R for easier visualization. A line
segment means the micro-crack is perpendicular to the vertical projection plane while a full
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circle means that it is parallel.
Summary of the failure patterns around the peak loading level from the 3D simulations is
presented in Figure 3.18. The overall trend from the 3D simulations agrees with that of 2D
simulations on the dependence of the failure scenarios on β and D. Among these 12 cases,
two cases with β = 0.015 and 0.1 and D = 40 mm show an unambiguous pattern of Scenario
I, where initiation and propagation of a tensile crack from the center of the specimen causes
the sample to split into two halves. The failure scenario with β = 0.015 and D = 120
mm seems to be in the transition. There are very few micro-cracks accumulating near
the loading walls. Across the diameter, the micro-cracks appear nearly simultaneously and
gradually coalesce to cause the diametrical failure. Unlike the 2D case with β = 0.015
and D = 280 mm, there is no evidence of secondary crack growth from the perimeter in
3D. Meanwhile, the failure patterns in all the other cases seem to follow Scenario II. The
cases with β →∞ show the clearest evidence of tensile cracks emanating from the damaged
zones and the crack paths being strongly localized. In contrast, the splitting failures with
β = 0.1 and 0.015 (D > 40 mm) involve tortuous and less well-defined crack trajectories,
bearing resemblance to the growth of en-echelon cracks. As consistent with the 2D results,
at a given sample size D, the loading level at which initiation of the primary crack occurs
increases with β. At β → ∞ and D = 120 mm, the primary crack starts to grow around
90% of loading. However, at β = 0.1, micro-cracks associated with early development of
the primary crack are evident at about 80% of loading. At β = 0.015, there are already
considerable micro-cracks accumulation across the sample diameter at 80% of loading, see
Figure 3.19.
In general, the 3D simulation results substantiate the conclusions drawn from the 2D
analysis that there are two primary failure scenarios in the Brazilian tests depending on
the sample size as well as material properties with the softening coefficient β serving as the
proxy. Compared with the 2D simulations, Scenario I is observed in narrower parameter
ranges of β and D in 3D. A possible reason is that the 3D nature of the simulations has likely
promoted micro-scale failures adjacent to the loading walls. The fact that micro-cracks in











































































































































































(a) β = 0.1 (b) β = 0.015
Figure 3.19: Micro-scale failures at 80% of loading at (a) β = 0.1 and (b) β = 0.015 with
D = 120 mm from 3D simulations.
contributes to the bond breakage in the 3D simulations. Though the front and back of
the specimen are constrained by the wall elements, the walls do not prevent out-of-plane
displacements of individual particles within the bounds of the two walls, which is in contrast
to the 2D simulations where the displacements are only in-plane. Consequently, Scenario
II becomes more likely to occur in 3D. The 3D effect or the effect of sample shape in
experiments has been reported in the literature [86, 115] and is indeed the primary reason
for the thickness requirement of t/D ≥ 0.5 for the ISRM suggested method [64].
3.4.2 Micro-scale Failure Evolution
The force-displacement relationships for the simulations with β = 0.015, 0.1, and ∞ and
D = 120 mm are summarized in Figure 3.20. When β = 0.015, we do not observe a
clear plateau in the pre-peak stage. After carefully examining the numerical model and
comparing with 2D simulations, it seems that three dimensional model tends to split into
two halves after the diametrical fracture is fully developed. Moreover, the sample losses its
stability that cannot resist the load with the presence of the diametrical fracture. We can
still observe some secondary fractures near the perimeter of the sample. Nevertheless, they
are not dominant mechanism in the post-peak stage. Surprisingly, the force-displacement
curve when β →∞ exhibits a plateau in pre- and post-peak stages. However, the evolution
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) β = 0.015
β = 0.1
β = ∞
Figure 3.20: Force-displacement relationships for the 3D Brazilian tests with β = 0.015,
0.1, ∞ and D = 120 mm.
of the number of damaged bonds indicates no other mechanisms more significant than the
indentation-type failure. To clarify the difference between 2D and 3D simulation results,
more tests are performed with the same set of micro-scale parameters, except the random
number that controls the random nature of the particle assembly. The results show that
the plateau is a random behavior for that particular sample, instead of an intrinsic material
property.
At β → ∞, a shear zone is initiated and developed during the loading process. At
approximately 50% load ratio, the size of the shear zone is clearly identifiable. At the
bottom of the shear zone, a main crack is growing towards the center of the sample. When
the load is increased to 90%, the main fracture keeps growing, as well as some secondary
micro-cracks on the perimeter of the shear zone. The whole sample fails when the main
fracture is formed along the diametric center of the sample, see stage A
′
1. Afterwards, the
stress-strain curve starts to drop, behaving like a brittle material. The material fails when
the two main fractures are connected, see Figure 3.21(d).
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(a) 50%, stage C
′
1 (b) 90%, stage B
′
1
(c) peak, stage A
′
1 (d) post-peak, stage D
′
1
Figure 3.21: failure process in 3D, β =∞ and D = 120 mm
At β = 0.1, the failure mechanism is similar to that of β → ∞, except the presence of
micro-cracks near the center of the sample. See Figure 3.22(b). When the load level reaches
the peak, both the shear zones near the loading walls and the diametrical fracture are fully
developed. As the load keeps increasing, the sample fails immediately after the peak. Even
though the primary failure mechanism is similar to that of β →∞, the diametrical fracture
is not always growing from the loading point towards the center. Instead, some of the
micro-cracks are initiated near the center and coalesced together to form the main fracture.
Therefore, the overall pattern appears to have a mixed-mode characteristics.
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(a) 50%, stage C
′
1 (b) 80%, stage B
′
1
(c) peak, stage A
′
1 (d) post-peak, stage D
′
1
Figure 3.22: failure process in 3D, β = 0.1 and D = 120 mm
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(a) 60%, stage C
′
3 (b) 85%, stage B
′
3
(c) peak, stage A
′
3 (d) post-peak, stage D
′
3
Figure 3.23: failure process in 3D, β = 0.015 and D = 120 mm
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At β = 0.015, the sample allows stress redistribution by forming a football-shaped
damage zone along the center of the sample. No micro-cracks can be identified before
the load increased to 60%, stage C
′
3, in Figure 3.23(a). As the load increases, more and
more micro-cracks appears and some of them started to coalesce together to form a macro-
fracture. When the load reaches the peak, then the main fracture is clearly seen from the
center of the sample. The failure process is basically the same as observed in 2D simulations
with β = 0.015. Note that the fracture is formed through coalescence of micro-cracks and
the main fracture is formed almost simultaneously along the diametric direction of the
sample. After the main fractures along the center diameter are connected, the sample fails
and generates more micro-cracks near the perimeter of the disk. More importantly, no clear
evidence of shear zones under the loading walls can be observed through the whole failure
process.
3.4.3 Size Effect
In 3D models, an additional ductility is added to the samples by introducing a finite soft-
ening coefficient. Thus the sample allows more deformation than that of β → ∞ before it
breaks. Therefore, the stress field along the diametric center is more uniform. The failure
mechanisms are similar to 2D simulations. So in order to see if the size effect transition
still can be observed in 3D models, Brazilian tests are conducted on various samples with
different sizes. With β → ∞, the sample size varies in the range from D =40 - 320 mm.
The relationship between BTS and sample size is presented in Figure 3.26. It shows a clear
strength decay with sample diameter up to D = 120 mm. When D > 120 mm, the strength
is approaching a constant. With β = 0.015, samples with D =40 - 160 mm are used to
investigate the size effect, because the size effect is usually more obvious for small sample
size. Figure 3.24 shows that no clear sign of size effect can be seen in the tested sample
size range. Similarly, we also performed tests with β = 0.1 to explore if the same size effect
transition trend can be captured in 3D simulations, as shown in Figure 3.22. Strength decay
happens when sample size is within a threshold D < 120 mm. Then we normalize BTS
w.r.t. the value at asymptote as we did in 2D simulations. The results are summarized in
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Figure 3.24: 3D BTS vs. sample size, β = 0.015.
Figure 3.27, indicating that the size effect transition exists in 3D simulations, too.
3.5 Limit Analysis
Clearly, the size effect transition with different softening coefficient β is associated with
failure mechanisms. At β → ∞, the energy is mainly dissipated from the wedge-shaped
shear zone near the loading walls, as well as the tensile crack beneath it. The final failure
pattern, as consistent with experimental observations, is schematically shown in Figure
3.28. Based on this failure pattern, we can simply assume a final fracture pattern with
two identical wedge-shaped shear zones below the loading walls that are connected by a
tensile crack located along the diametrical center line of the sample, as shown in Figure
3.29(a). The size of the wedge is represented by length l [L], the angle between the wedge
and horizontal axis is assumed to be θ, which is related to internal friction angle φ of the
material that can be determined from experiments. Because of the symmetric nature of the
problem, we can assume cohesion c [F/L] on the contacting surfaces of block 1 and 3, as
well as block 1 and 2. Note that c is also a material constant. Since the main fracture in
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Figure 3.25: 3D BTS vs. sample size, β = 0.1.













Figure 3.26: 3D BTS vs. sample size, β →∞.
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Figure 3.27: Variation of the normalized splitting strength with the sample size in 3D.
the center of the sample is assumed to be a tensile crack, the friction force on the fracture
surface is zero (smooth surface). Meanwhile, the tensile and compressive strength of the
material are assumed to be σ̄t and σ̄c [F/L], respectively. It has been shown in Chapter II
that the unconfined strengths are material constants determined by the micro-scale normal
bond strength and softening coefficient. For simplicity, we further assume dilatancy angle
ψ = φ. In this study, the yield criterion is dominated by Mohr-Coulomb criterion with a





The hodograph of the velocity vector can be easily determined in terms of the velocity
v01 by using any kinematically admissible velocity field, as shown in Figure 3.29(b), we
have,
v12 = v13 = v01/ sin(θ − φ) (16)


























(a) failure mechanism model (b) velocity hodograph
Figure 3.29: Upper bound analysis.
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v23 = 2v01 cot(θ − φ) (18)
Therefore, the internal energy dissipation rate will be the sum of the energy dissipation
occurring on each slip surface and the tensile crack in the center. Because of symmetry we
find:
D = 4lcv12 + [2Rc − 2l sin θ]σ̄tv23 (19)
where D is the total internal energy dissipation rate. To find the upper bound we equate D
to the power of the external forces. The only external load is the applied force P . Therefore,
R = 2Pv01 (20)
where R is the total external input energy rate. Now substitute Eq. 16-18 into Eq. 19, and
apply the energy conservation law, we have:
P = l · 2c cosφ− 2σ̄t sin θ cos(θ − φ)
sin(θ − φ)
+ 2Rcσ̄t cot(θ − φ) (21)




· 2[2c cosφ− 2σ̄t sin θ cos(θ − φ)]




cot(θ − φ) (22)




· 2[σ̄c(1− sinφ)− 2σ̄t sin θ cos(θ − φ)]




cot(θ − φ) (23)






2[σ̄c(1− sinφ)− 2σ̄t sin θ cos(θ − φ)]




cot(θ − φ) are material con-
stants. The load P increases with sample size D as shown in Eq. 13. The plastic zone
size l also increases with sample size when D is within a threshold value. When sample
size is large enough, l remains that same and thus l/D ratio becomes negligible. Moreover,
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when l/D is negligible, the size effect vanishes and BTS is dominated by constant B which
is proportional to σ̄t. Thus, for large enough samples, the Brazilian tests could only be
used to approximate the tensile strength of the material up to a constant, even though the
material fails in a mechanism governed by indentation-type cracks. Based on the passive































)] = [0.64, 1.36]. The ratio of
BTS to UTS predicted by this analysis is consistent with the experimental data reported
in [94]. Hence Eq. 25 gives a good estimation of the BTS/UTS ratio for indentation type
of failure. In other words, when the sample is large enough, the splitting strength obtained
from Brazilian test under indentation-type failure could be only about half of the uniaxial
tensile strength of the material.
At β = 0.015, the energy is mainly dissipated through damaged bonds, or in other words,
the development of the fracture process zone along the diametrical center of the sample.
Before micro-crack initiates, a football-shaped damage zone is observed in the center part
of the disk along its diameter. The shape of the zone remains roughly the same regardless
of the sample size, as demonstrated in Figure 3.30. As the load increases, a macro-crack is
formed in the center of the FPZ. When the load reaches the “peak”, the two halves of the
disk started to resist the load and softening bonds start to appear near the perimeter of the
disk.
The total amount of energy associated with bond damage and breakage in the central
portion of the sample is determined and illustrated in Figure 3.31. The density of nominal
energy release is defined as the total energy E normalized by D2. At each sample size, at
least three samples are used to calculate the total dissipated energy. The data shows roughly
a constant trend which means at the final stage, the energy dissipated in the football-shaped
region is a constant when the sample size is normalized to one unit. As a matter of fact,
the sample fails at roughly the same critical strain in Brazilian tests. Here we assume the
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(a) FPZ in the center (b) FPZ and center crack
Figure 3.30: Energy dissipation in FPZ, β = 0.015.
vertical strain at peak is εc. Then the total input energy at the final stage can be expressed
as:
Ein = P · εcD/2 (26)
where Ein is the total input energy. Meanwhile, the total energy dissipated can be approx-
imated as:
Eout = EFPZ ·D2 (27)
where Eout is the total energy dissipated, EFPZ is the total energy dissipated in the football-








As consistent with the theory of elasticity, Eq. 28 indicates that BTS obtained from
Brazilian test when β = 0.015 is a constant that independent of the sample size.
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Figure 3.31: Energy dissipation in unit area of FPZ.
In this study, we assume UTS represent the intrinsic tensile strength of the material.
Indeed, direct tension tests have showed that the tensile strength when β = 0.015 is 4.75
MPa, which is much lower than that from Brazilian test. That’s because in Brazilian test,
the loading walls restrain the splitting movement of the two halves of the Brazilian disc.
Therefore, the strength won’t decrease immediately after the main crack is formed. This
boundary effect has been widely observed in experiments. However, in direction tension
tests, the stress-strain curve would drop right after the mode I crack appears. Generally,
the crack initiation stress is about 90%-95% of the peak. In numerical simulations, however,
the crack initiation strength is only about 50% of the peak as shown in Figure 3.4. So if
we consider the crack initiation stress as a representative of the intrinsic tensile strength
of the material, then BTS is about 6.43 MPa, which is comparable to the uniaxial tensile
strength of the material. In the next section, we will compare BTS with UTS in detail.
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3.6 BTS vs. UTS
3.6.1 2D Results
The relationship between BTS and UTS has been under discussion for many decades. It
has been conclude based on theoretical and experimental studies that BTS may under
estimate the tensile strength with low uniaxial compressive to tensile strength ratio σc/σt
[40, 29]. Meanwhile, some researchers believe that BTS gives a good approximation of tensile
strength based on experimental evidences [5, 6, 46, 65]. On the other hand, a significant
number of researchers show that BTS may overestimate UTS of rocks [38, 91, 43, 86]. As
a result, some researchers argue that BTS should not be considered as a measure of UTS
[63].
In this section, the relationship between BTS and UTS is discussed based on numerical
simulation results. We use 2D simulation results as an example for this analysis. As
suggested by the numerical simulation results, the continuous development of micro-cracks
in Scenario I occurs at about 90% of peak stress. While in Scenario II, the crack initiation
happens earlier at about 80% of peak stress. The crack initiation stress is usually at
90%-95% of peak stress in experiments [123]. Hence, we use both the peak and crack
initiation stress to determine BTS.
A prerequisite in identifying crack initiation stress in Brazilian tests is to distinguish
different failure mechanisms by analyzing the evolution of micro-events, including bond
damage and breaking. To achieve such a goal, we monitor the number of micro-events
during the whole failure process and analyze the ratio of broken to damage bonds number.
At β = 0.015 and D = 280 mm, history of the micro-crack number is shown in Figure
3.32. The number of damaged bonds Nd is consistently one order higher than that of the
broken bond Nb. Note that this ratio reflects the contact behavior and can be adjusted by
tuning softening coefficient β. The first micro-crack does not appear until the number of
damaged bonds accumulated to about 5500, which indicates a nearly uniform stress state
along the diametrical center of the sample. History of the ratio Nd/Nb is shown in Figure
3.33. From this figure, we can clearly identify two linear segments divided by the point A3,
note that A3 is associated with the stage marked on the force-displacement curve shown in
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Figure 3.32: Histories of the number of micro-cracks Nb and the number of softening bonds
Nd, when β = 0.015 and D = 280 mm.















Figure 3.33: History of the ratio of Nb/Nd, when β = 0.015 and D = 280 mm.
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Figure 3.4. Here we define A3 represents the nominal peak of BTS, because the different
slopes of these two linear segments indicates two different failure mechanisms in Brazilian
test. First, the linear part from D3 to A3 corresponds to the growth of the main center
crack. At A3, the crack is fully developed and the sample is separated into two halves.
The second linear segment from A3to the end represents a secondary mechanism that the
two halves work together to resist the load as two “columns”. As a result, the load keeps
increasing until the two halves are crushed, which gives the peak at σ = 13 MPa. The
micro-crack events prior to stage D3 are randomly distributed in the sample. Initiation of
the center crack starts at stage D3. Thus the crack initiation stress, as well as the nominal
peak stress can be determined according to the loading steps, as shown in Figure 3.34. At
D3, the crack initiation stress is 6.4 MPa at step 5500. Meanwhile, the nominal peak stress
at A3 is 12.0 MPa. If we use the crack initiation stress at D3 to represent the BTS, thus
the ratio σBTS/σUTS = 6.4/4.75 = 1.35 is in a reasonable agreement with [72, 94].
At β →∞, the history of the number of broken bonds is shown in Figure 3.35. At C1,
the cumulative broken bond number is approaching 200, the curve shows a clear turning
point that divides the whole curve into a nonlinear and a linear segment. As shown in Figure
3.5, the nonlinear increasing segment is associated with the development of micro-cracks
near the loading walls. When the shear zone is fully developed, a crack beneath it appears
and grows towards the center of the sample. As the crack grows, the evolution of the
broken bond number exhibits a linear pattern. As a result, we could assume C1 is the stage
when the tensile crack initiates. From Figure 3.36, the nominal BTS determined at stage
C1 is about 4.9 MPa. Note that the oscillation observed on the stress curve stems from
the limited number of particle-wall contacts. Before C1, the primary energy dissipation
mechanism is governed by the development of the shear zone beneath the loading walls.
During the loading process, only limited number of particles have contact with the wall.
The total contact force is significantly impacted when individual bond breaks.
Evolution of micro-cracks at β = 0.1 is also summarized to demonstrate the effect of
failure mechanisms on the BTS. The failure mechanism in this case exhibits a combined
scenarios of “center splitting mode” and “indentation-type”. We can observe both the
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Figure 3.34: History of the nominal stress when β = 0.015 and D = 280 mm.




















Figure 3.35: History of the number of micro-cracks when β →∞ and D = 280 mm.
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damage zone under the loading wall and the crack growth near the center of the sample.
The total micro-crack number shows a similar pattern to that of β = 0.015. However, the
magnitude of Nd is lower while Nb remains approximately the same compared to those of
β = 0.015. Figure 3.38 shows three segments: nonlinear segment before B2, linear segment
between B2 and A2, and nonlinear segment after A2. These three different characteristics
indicate that the failure of the Brazilian test is governed by three different mechanisms.
The initial nonlinear segment before B2 corresponds to the development of the micro-cracks
beneath the loading walls. The significant oscillation before D2is associated with random
micro-cracks distributed throughout the sample. When the damage zone starts to grow,
the curve is stabilized and increases nonlinearly from D2 to B2. Note that this pattern is
similar to that of β → ∞, namely, indentation-type failure. As the load keeps increasing,
the tensile crack growth near the center becomes the dominant mechanism and thus the
curve exhibits a linear characteristic. As discussed in the other two cases, the linear segment
could be attributed to two sources: growth of the tensile cracks from the center and beneath
the damage zone. In the case of β = 0.1, it is hard to distinguish the source because the
growth of the tensile crack from the center and beneath the damage zone is simutaneous.
Nevertheless, the curve in Figure 3.38 still shows a linear segment. Regardless of the type of
the tensile crack, the sample loses its stability as the crack grows. Thus we define stage B2
as being associated with the crack initiation. Compared to the peak at stage A2, Figure 3.39
shows that the crack initiation stress is about 90% of the peak, which is realistic compared
to experimental observations. Indeed, crack initiation stress at B2 is 9.4 MPa while UTS is
8.37 MPa. In the post-peak stage, the ratio Nb/Nd shows a shallower slope that is related
to the crushing mechanism. Indeed, multiple types of failure are all reflected in the history
of micro-events ratio Nb/Nd.
We use the method discussed above to identify the crack initiation and peak stress in
other simulations of the Brazilian tests. The results are summarized in Figures 3.40-3.42.
At β →∞, the crack initiation stress decreases slightly as the sample size increases; however,
it then approaches an asymptote when D > 120 mm. The BTS is about half of UTS. Thus
UTS is underestimated if measured using the Brazilian test. On the other hand, the crack
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Figure 3.36: History of the nominal stress when β →∞ and D = 280 mm.





























Figure 3.37: History of the number of micro-cracks numbers when β = 0.1 and D = 280
mm.
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Figure 3.38: Ratio of micro-event numbers when β = 0.1 and D = 280 mm.























Figure 3.39: Peak and crack initiation stress when β = 0.1 and D = 280 mm.
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Figure 3.40: Comparison of crack initiation stress, peak strength, and UTS, β →∞.
initiation stress of β = 0.015 is independent of sample size. The average is about 6.8 MPa
while the tensile strength is 4.75 MPa. As a result, UTS will be overestimated by BTS by
a ratio of 1.43. At β = 0.1, the crack initiation stress decreases with sample size. Then it
approaches an asymptote nearly the same as UTS. Note that the ratio of σBTS/σUTS is in
the range from 0.5 to 1.43, which is consistent with the results reported in literature [94]
and the references therein.
While the failure mechanism changes w.r.t. softening coefficient β, the ratio of BTS to
UTS also varies with β, as shown in Figure 3.43. When β is large, the peak stress from
Brazilian test is about 1.4 times of the crack initiation stress. This ratio is roughly a constant
if the sample fails under Scenario II (indentation-type). However, if β decreases to as low
as 0.015, the failure mechanism is in the form of tensile crack initiated from the center.
And the ratio increases to about 2.2. Note that, in some cases, the crushed zone and the
center crack may be developing simultaneously in near peak stages, which makes it difficult
to distinguish one from the other. Overall, the numerical results show that the difference
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Figure 3.41: Comparison of crack initiation stress, peak strength, and UTS, β = 0.1.






























































Figure 3.43: BTS/UTS ratio vs. β.
between the peak and crack initiation stress in Brazilian tests is another important factor to
put into consideration when using this method to calibrate tensile strength of the numerical
model, as well as in obtaining the tensile strength from the laboratory. Variation of the
ratio σBTS, ini/σBTS, peak as a function of β is shown in Figure 3.44.
3.6.2 3D Results
In order to justify the conclusions made from two dimensional simulations, three dimensional
simulations are carried out in this study. At β = 0.015, the total number of micro-cracks Nd
is roughly one order higher than Nb, as shown in Figure 3.45. Compared to 2D results, the
curve of Nd vs. steps shows a convex pattern before number of micro-cracks start to increase.
One of the possible reasons is secondary cracks are developing near the loading walls prior
to the center cracks although the softening coefficient is already as low as β = 0.015.
Nevertheless, the ratio Nb/Nd exhibits a linear segment indicating the existence of a tensile
crack that eventually leads to the complete failure of the sample. The nonlinear segment

















































Figure 3.44: Ratio of peak to initiation stress vs. β in 2D.
B′3 is the starting point of the linear segment, we assume the stress at that point is the
crack initiation stress.
At β → ∞, the stress curve shows a plateau prior to the peak. Note that the plateau
shown in Figure 3.48 is not associated with plasticity of the sample; instead, it seems to
stem from the limited number of contacts between the wall and the sample. Indeed, this
type of plateau is not reproduced in other tests with the same set of micro-parameters,
except the random seed number. Figure 3.49 shows the same pattern including an initial
nonlinear part corresponding to the development of the shear failure near loading walls, and
a linear segment results from the growth of tensile crack.
At β = 0.1, as expected, the total number of micro-cracks is approximately the same
as that of β = 0.015, see Figure 3.50. Because the shear zone size in both cases are not
significant compare to the tensile crack. Indeed, the sample fails when it is split into two
halves by the tensile crack. Thus, the propagation of the tensile crack is the primary
mechanism leading to the failure, as shown in Figure 3.51.
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Figure 3.45: Micro-event numbers when β = 0.015 and D = 120 mm.













Figure 3.46: Ratio of micro-event numbers when β = 0.015 and D = 120 mm.
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Figure 3.47: Peak and crack initiation stress when β = 0.015 and D = 120 mm.






















Figure 3.48: Number of broken bonds when β →∞ and D = 120 mm.
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Figure 3.49: Crack initiation stress when β →∞ and D = 120 mm.




























Figure 3.50: Micro-event numbers when β = 0.1 and D = 120 mm.
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Figure 3.51: Ratio of micro-event numbers when β = 0.1 and D = 120 mm.





















Figure 3.52: Peak and crack initiation stress when β = 0.1 and D = 120 mm.
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Figure 3.53: Comparison of crack initiation stress, peak strength, and UTS, β →∞.
Based on the discussion above, we can determine the crack initiation stress for all the
simulations with different β. The results are summarized with the nominal peak stress and
UTS in Figures 3.53-3.55. At β →∞, the scenario is similar to that in 2D. Both peak and
crack initiation stress underestimate the tensile strength by a ratio of approximately 0.35 ∼
0.5. Since when β is large, the failure mechanism is governed by the damage zone beneath
the loading walls. In both two and three dimensional analyses, BTS is consistently lower
than UTS. As β decreases, BTS becomes larger than UTS. When β = 0.1, the asymptote
of BTS at crack initiation is slightly higher than UTS. The variation of σBTS/σUTS with β
is presented in Figure 3.43. The figure also suggests that σBTS/σUTS ∼ 1 when β ∼ 0.05.
3.7 Discussions
3.7.1 Effects of Strength Ratio and Sample Size
Observations of the two primary failure scenarios from the numerical analysis are consis-
tent with prior experimental findings in the literature. Our numerical results validate the
conclusions in [40] that failure in a material with a lower σc/σt ratio (equivalent to a larger
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Figure 3.54: Comparison of crack initiation stress, peak strength, and UTS, β = 0.1.
























Figure 3.55: Comparison of crack initiation stress, peak strength, and UTS, β = 0.015.
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β here) is likely to occur away from the center. By applying a generalized Griffith-type
criterion to the elastic solution [56], Fairhurst [40] showed that for the case when the load
is applied radially within an angle of 2 tan−1 (1/12) and σc/σt = 8, the force required for a
point along the vertical axis to meet the shear failure criterion is only 70% of that required
for tensile failure in the center. As the strength ratio increases to σc/σt = 12, the force
required for tensile failure becomes the smaller one of the two. Though the analysis in [40]
deals only with incipient failure, the predictions regarding the link between the failure sce-
narios and the strength ratio and that BTS could potentially be underestimated in Scenario
II agree with our numerical results. In the 2D simulation with β →∞ (σc/σt = 3.84) and
D = 280 mm, σBTS/σUTS = 0.39. If the Brazilian test is used for material property calibra-
tion in DEM modeling with a perfectly brittle contact model, the strength ratio becomes
σc/σBTS = 9.85, more than twice the strength ratio of σc/σt. Such a result is indeed rather
misleading in describing the brittleness of a particle assembly.
The numerical results also show that the failure mechanisms in the intact Brazilian test
depend on the sample size. While the size effect of BTS has been discussed in the literature,
effect of the sample size on the failure mechanisms is rarely reported. Dependence of the
failure mechanisms on the sample size as shown by the 2D cases with β = 0.05 and 0.1 and
3D cases with β = 0.015 and 0.1 could be explained by the fact that as D increases, the
peak load required to initiate the tensile crack in the center also needs to increase, P ∝ D
according to Eq. 13. It then becomes possible that plastic yielding occurs near the loading
walls prior to the tensile failure in the center. Along the loading axis, there could be two
local maximum tensile stresses, σtmax 1 at the center and σtmax 2 at the interface between
the damaged zone and the intact material, generated by plastic yielding. Depending on the
material properties and the sample size, tensile failure associated with σtmax 2 may occur
first (β = 0.1 and D = 280 mm, 2D) or not (β = 0.05 and D = 160 and 280 mm, 2D).
As β increases (or σc/σt decreases), the failure mode transition from Scenario I to Scenario
II occurs at smaller D. In the limit when D → ∞, P → ∞ is needed to initiate tensile
failure in the center. The problem becomes similar to that of a half space subjected to
concentrated loading on the surface. Only Scenario II, namely, the indentation-type of
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Table 3.2: Comparison between ASTM and ISRM.
ASTM ISRM
min max min max
L/D 0.2 0.75 ∼0.5 -
Test duration (min) 1 10 0.25 0.5
Stress rate (MPa/s) 0.05 0.35 - -
Loading rate (N/s) - - 200
failure, is possible. These numerical results mean that in laboratory testing, if a sample has
already failed according to Scenario II at a given diameter, a proper strategy to achieve the
center crack failure mechanism would be to decrease the sample size.
3.7.2 Other Factors Affecting Size Effect
Since Brazilian test has been considered as a reliable indirect testing method for tensile
strength of the material for many years, it is essential to make sure that the splitting
strength is not related with sample size. Also, the sample should fail in the same mechanism
as predicted by the theory of elasticity. Therefore, both ASTM [8] and ISRM [64] have
specific requirements for Brazilian tests, some of the differences are summarized in Table
3.2.
ISRM suggests to use a curved apparatus to hold the specimen, then apply the load by
two half ball bearings. On the other hand, ASTM suggests using a cardboard or plywood
between the platens and the specimen to reduce the stress concentration and maximize the
possibility of the splitting failure mechanism to avoid size effect. They both require the
sample diameter to be no less than ˜54 mm, which is at least 10 times greater than the
largest mineral grain constituent. Sample thickness is approximately equal to the specimen
radius to reduce the influence from the third dimension. It seems that both methods
don’t consider the size effect influence, instead, they require certain apparatus and loading
conditions to make sure the sample fails as much as possible from the center instead of the
loading points. Also, at least 10 samples are recommended for each test. After all, the test
is only valid for materials fail in tension at their uniaxial tensile strength when one principal
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stress is tensile and the other finite principal stress is compressive with a magnitude not
exceeding three times that of the tensile principal stress [85, 21].
3.7.3 Direct Tension Test
In general, size effect in the tensile strength of quasi-brittle materials has been attributed
to the statistical distribution of weakness in the material according to Weibull theory [120].
Statistical size effect was modeled in [125] by introducing initial flaws into the particle as-
sembly, the size and number of which follow a predefined distribution. Unlike laboratory
tests where the sample dimensions are typically standardized, from the point of view ma-
terial strength calibration, we still need to ask what the appropriate sample size should
be so that the material strengths obtained from the unconfined calibration tests could be
representative. Here we examine how the strengths of a particle assembly in random dense
packing vary with the sample size if the bond strengths follow Weibull’s distribution,
σ̄c = σ̄[− ln(1− α)]1/m (29)
where σ̄ is a scale parameter; α is a random variable in [0, 1] and m is the shape factor. In
this study, we set σ̄ = 110 MPa and m = 1.5. The histogram of the normal bond strength
in a rectangular particle assembly of 200 × 400 mm is shown in Figure 3.56. This particle
assembly serves as the original sample source. The individual test samples of various sizes
and an aspect ratio of H/W = 2 are all cropped out of this original sample from random
locations.
Variations of the uniaxial compressive and tensile strengths with the sample width are
shown in Figures 3.57-3.58. The simulations are performed with the same set of micro-scale
parameters listed in Table 2.1 and β →∞. Though only limited statistical realizations are
run, the overall trends do not seem to suggest a statistically significant size effect within
the sample size range explored.
This may be explained by the fact that in both unconfined tests, micro-scale failures
occur across the whole sample width. In direct tension, the micro-cracks appear across
the width nearly simultaneously right around the peak, while in the uniaxial compression
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Figure 3.56: Histogram of the normal bond strength in a rectangular particle assembly of
200× 400 mm.


















Figure 3.57: Variation of the unconfined tensile strength as a function of the sample size.
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Figure 3.58: Variation of the unconfined compressive strength as a function of the sample
size.
test, the micro-cracks accumulate more or less uniformly to form shear bands across the
width. In other words, if we assume the weakest bond in the domain to be the initial flaw,
the process zone size associated with this flaw is larger than the sample width. Therefore,
while the statistical distribution contributes to the scatter in the strength at a given width,
strengths of the particle assembly are statistically insensitive to the sample width as long
as the discretization is sufficiently fine. The fact that micro-cracks appear simultaneously
across the sample width also means that the statistical size effect is negligible.
Similar observation is found for the other two β cases and also if the normal bond
strength follows a Gaussian distribution. A group of rectangular samples with different sizes
are generated for direct tension tests to compare with the experimental results in [121], at
least three samples are used for each size. The aspect ratio is chosen to be H/W = 2.0
while W is in the range from 40 mm to 180 mm. Simulation results are summarized in
Figure 3.59. These numerical results are consistent with [121] where the size effect in direct
tension is observed to be statistically insignificant.
100



















Figure 3.59: Tensile strength of rectangular samples in 2D; β →∞.
3.8 Conclusion
As consistent with experimental observations, evolution of the micro-scale failures from the
DEM simulations reveals that there are two distinct failure scenarios in the Brazilian test.
Diametrical splitting could be a result of either Scenario I where a tensile crack initiates
from the center and then propagates towards the two loading ends, or Scenario II, similar
to the indentation-type of failure, where plastic yielding occurs first near the loading points
and drives to initiate tensile cracks to propagate towards the center of the specimen. Given
a material with a low strength ratio, Scenario II is more likely to occur. In DEM simulations
with a randomly packed assembly consisting of circular/spherical particles, if the contact
model is perfectly brittle (β →∞ or above the threshold value), the highest strength ratio
is typically around σc/σt ∼ 4. As such, Scenario II is most likely the failure mechanism in
the numerical Brazilian test with a perfectly brittle contact model. The simulation with
β →∞ and D = 280 mm suggests that the nominal Brazilian tensile strength, determined
based on the peak force, could potentially underestimate the intrinsic tensile strength. If
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the Brazilian test is employed for tensile strength calibration, the strength ratio σc/σBTS
could be much larger than σc/σUTS. It is therefore not a good practice in DEM modeling
to conduct material properties calibration using the Brazilian test.
The numerical results also suggest that failure behaviors in the Brazilian test vary with
the sample size. The conventional scenario of tensile failure from the center is more likely
to occur when the sample size is relatively small. As the sample size increases, the failure
mechanisms could evolve to the indentation-type of failure. For a material with a low
strength ratio, using a larger size specimen in laboratory testing does not necessarily yield
a more accurate measure of the intrinsic tensile strength.
The limit analysis carried out in this study suggest that the size effect is related to the
ratio of shear zone size over sample size l/D. Given a material with low strength ratio σc/σt
(β → ∞), BTS is governed by the ratio l/D for small sample size, namely D < 120 mm
in this study. However, when D exceeds the threshold value, l/D becomes negligible and
BTS approaches a constant and thus the size effect vanishes. In the other failure scenario,
β ≤ 0.1, the evolution of the tensile crack governs the failure mechanism. As predicted by
the theory of elasticity, BTS shows no correlation with sample size.
Based on the simulation results, crack initiation stress is proposed to represent tensile
strength from Brazilian test to account for the inefficiency that crack generation and prop-
agation in PFC is a stable process which requires increased deviatoric stress to initiate new
cracks. As such, intrinsic tensile strength is exaggerated if measured by the peak Brazilian
tensile strength. We monitor the evolution of micro-events, including the number of broken
bonds and damaged bonds, to determine the crack initiation and peak stress. The results
indicate that the apparent peak stress usually represents multiple failure mechanisms. As a
matter of fact, intrinsic BTS is associated with the splitting-type of failure. So we use the
nominal peak to compare with uniaxial tensile strength. As consistent with experimental
data, the ratio of σBTS/σUTS is in a range from 0.5 to 1.35. At β → ∞, UTS is underes-
timated by BTS. Meanwhile, at β ≤ 0.1, UTS is overestimated. Nevertheless, if β = 0.1,
the asymptote give a good approximation of the intrinsic tensile strength of the material.
Hence, properly conducted Brazilian test is still a reliable way to estimate uniaxial tensile
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strength.
In general, the failure mechanisms are also related to other factors such as the effect
of thickness, the loading platen configuration, the contact conditions and the loading rate.




FAILURE MECHANISMS AND SIZE EFFECT IN SHEAR FAILURE
4.1 Introduction
In Brazilian tests, the results show that the variation of the BTS is associated with the
brittle-ductile failure mechanism transition. To be more specific, the nominal strength is
independent of the sample size if the failure is governed only by the brittle mode. If the
dual failure modes are observed, then the nominal strength decreases with the sample size
up to a threshold value and then remains constant. Therefore, we expect to see similar
relationship between a nominal shear strength and the sample size if the shear strength test
involves both brittle and ductile failure mechanisms.
The three-point bending test with the tensile failure mode at the mid-span suppressed
and the four-point bending test are investigated in this study. Dependence of the uniaxial
compressive strength from the unconfined test on the sample size is first analyzed. On
the one hand, from the point of view of material strength calibration in DEM, we need to
address the question whether the UCS obtained from a certain size of particle assembly is
representative of the intrinsic strength. On the other hand, if the UCS can be shown to be
independent of the particle assembly size, we can then argue the size effect in the nominal
strength from the three-point bending and four-point bending tests can be attributed to
factors other than the size effect in UCS.
4.2 Numerical model
In this section, a synthetic rock is generated using the parameters listed in Tables 4.1.
The macro-scale properties are summarized in Table 4.2. Then three different loading
configurations, namely, uniaxial compression tests, three point bending, and four point
bending tests, are considered. We first examine the behavior of the material with β → ∞
to show the different failure patterns in various loading conditions. In addition, the failure
mechanism transition is investigated using four-point bending test on intact samples with
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Table 4.2: Micro-scale parameters for the sample.
Softening coefficient β β →∞
Compressive strength σc (MPa) 42.40
Tensile strength σt (MPa) 15.00
Elastic modulus E (GPa) 23.24
Poisson’s ratio ν 0.38
β = 0.1 and normal bond strength σ̄c = 15± 1.5 MPa. Micro-scale parameters and macro-
scale properties for this modification are listed in Table 2.1 and Table 2.2, respectively.
Table 4.1: Micro-scale parameters for the sample.
Particle radii (mm) 0.8-1.66
Density ρ (kg/m3) 2630
Point contact modulus Ec (GPa) 50
Stiffness ratio kn/ks 4.0
Friction coefficient µ 0.5
Parallel bond modulus Ēc (GPa) 50
Bond stiffness ratio k̄n/k̄s 1.0
Radius multiplier λ̄ 1
Normal bond strength σ̄c (MPa) 50±5
Shear bond strength τ̄c (MPa) 20±2
Softening coefficient β β →∞
4.3 Uniaxial Compression Test
Uniaxial compression test is the most widely used method to evaluate rock strength. Gen-
erally, cylindrical or cubic samples are used for the test. In this study, we use rectangular
samples in 2D to perform the tests. The aspect ratio of the sample is fixed to be H/W = 2.0
while the width W varies in the range from 20 mm to 180 mm. The compressive strength
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is defined as:
σc = P/W (30)
where P is the load applied to the sample.
The complete stress-strain curve is shown in Figure 4.1. A sample with W = 120 mm
and H = 240 mm is used as an example to demonstrate the analysis. Since the shear bond
strength is relatively low than the normal bond strength, we have both tensile and shear
micro-cracks, represented using green and blue colors, respectively, in this chapter. Four
critical stages are marked on the curve. No micro-crack is recorded until the stress reaches
about 80% of peak, namely, stage A. All the micro-cracks at this stage are shown in Figure
4.2(a). Then, continuous micro-cracks are observed as the load increases. Clearly, the
micro-cracks are randomly distributed along the shear band directions, as shown in Figure
4.2(b). Note that, all the micro-cracks are distributed randomly through the sample. No
macro-crack can be identified at this stage. As a result, the overall stress is still increasing;
however, the stiffness slightly decreases because of damages. When the load increases to
peak, more micro-cracks are initiated near the center of the sample. Meanwhile, some of the
micro-cracks coalesce together and a shear band is formed along the diagonal of the sample,
as shown in Figure 4.2(c). As the shear band is formed, the stress drops immediately after
peak, indicating the sample is crushed, as shown in Figure 4.2(d).
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Figure 4.1: Stress-strain curve; sample size W ×H = 120× 240 mm and β →∞.
(a) stage A (b) stage B (c) stage C (d) stage D
Figure 4.2: Cumulative micro-cracks; sample size W ×H = 120× 240 mm and β →∞.
In order to show the evolution and distribution of micro-cracks , their locations and
types are recorded in specific time intervals. We divide the whole test into six stages to
monitor the development of micro-cracks in each time interval. Figure 4.3(a) reveals that
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up to 90% of peak, only random micro-cracks are recorded. The overall stiffness of the
sample is not reduced. Meanwhile, no obvious fracture is observed. In addition, all the
micro-cracks are mostly distributed along the diagonals of the sample, where the potential
shear band lies. When the load reaches peak, some of the micro-cracks start to coalesce
together. In other words, a macro-scale shear band is formed, see Figure 4.3(b). As a
result, the stress-strain curve shows a clear softening behavior. When the load continues
increasing, more and more micro-cracks are observed. We can clearly see from Figure 4.3(c)
that the shear band becomes the dominant failure mode. Besides, some of the micro-cracks
indicate the existence of axial fractures near the shear band plane. As a result, the sample
loses its load bearing ability, and the stress reaches the peak. Note that, the evolution
of the micro-events shows no sign of fracture tip. All the micro-cracks are more or less
simultaneously generated and uniformly distributed along the two diagonals. Besides, the
number of micro-events during the post-peak regime are more significant than that in pre-
peak regime. Figure 4.3(d) shows a second shear band from top-right to bottom-left. Still,
there is no evidence where the fracture tip is. After two diagonal shear bands are fully
developed, the sample is crushed and failed in ductile shear mode.
In the whole failure process, the micro-cracks are generated almost simultaneously and
distributed uniformly along the two diagonals of the sample. Then the uniaxial compressive
strength of all the samples are recorded and shown in Figure 4.4, we can see that there is no
clear size effect. The UCS is basically a constant, especially when the sample size exceeds
100 mm. On the other hand, the standard deviation is larger when the sample size is
relatively small. This may be caused by the DEM model resolution and boundary effect.
Taking the smallest sample as an example, W = 20 mm and H = 40 mm, the average grain
diameter is about 2 mm, which means the total number of particles along the horizontal
cross-section is about 10. Even though this condition satisfies the requirement in ASTM
[112] that the sample size must be 10 times greater than the largest grain diameter, the
uneven contact between the loading wall and particles may still introduce a large stress




Figure 4.3: Evolution of micro-cracks; sample size W ×H = 120×240 mm and β →∞. (a)
0-90% pre-peak; (b) 90% pre-peak-peak; (c) peak-95% post-peak; (d) 95% post-peak-90%
post-peak; (e) 90% post-peak-85% post-peak; (f) 85% post-peak-80% post-peak.
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Figure 4.4: Compressive strength vs. sample width.
4.4 Three-point Bending Test
According to different loading configurations, the sample is subject to mode I tensile or
mode II shear failure in three-point bending tests. Since the main objective in this section
is to investigate the shear strength of the material, we implement a longitudinal rebar
at the bottom of the sample to restrain the mode I tensile failure, as shown in Figure 4.5.
Within the framework of shear failure, sample could fail in two different types of mechanism,
including ductile and brittle modes, controlled by span depth ratio λ = S/2D. We introduce
two sets of λ, λ = 0.8 and λ = 1.6, to simulate different failure modes. As such, the nominal





where Pu is the ultimate load, B is the sample thickness, B = 1.0 in this study, D is the
depth. For the tests with λ = 0.8, the sample span varies from 60 mm to 160 mm by 20
mm. For the tests with λ = 1.6, the sample span varies from 160 mm to 300 mm by 20 mm.





Figure 4.5: Three-point bending test model setup.
The force-displacement curve is shown in Figure 4.6. Without loss of generality, the
samples with D = 60 mm, S = 96 mm and λ = 0.8 , and D = 50 mm, S = 160 mm and
λ = 1.6, are used to present the analysis. For the case when λ = 0.8, the whole failure
process is divided into four stages. At about 65% of peak , see Figure 4.7(a), the shear
zones are first observed near the loading locations. A plateau is observed on the force-
displacement curve, right after the shear zones are initiated. Then the force continues to
increase with a reduced stiffness until the force reaches about 90% of peak. At this stage,
see Figure 4.7(b), the shear zones are almost fully developed. From Figure 4.7(b), we can
see three shear zones near the loading locations. In this case, the load is imparted by a rigid
load bearing stripe with a relatively small width, so the stress is more concentrated, leading
to a larger stress gradient near the loading points. When the load reaches the peak, we can
see from Figure 4.7(c) that the size of the shear zone is stable and more micro-cracks are
developed near the perimeter. When the load continues increasing, the sample eventually
fails as the micro-cracks outside of shear zone coalesce together from beneath both the top
and bottom load bearing stripes, as shown in Figure 4.7(d).
The micro-crack evolution process is demonstrated in Figure 4.8. Before the load reaches
the peak, the micro-cracks are mostly distributed under the load bearing stripes. Figure 4.8
indicates that there is no clear sign of shear crack initiation. Instead, the energy is mostly
dissipated through the development of the shear zones. However, when the shear zone is
fully developed, the force starts to decrease because of the initiation and propagation of
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shear cracks between the two shear zones. In Figures 4.8(c)-(f), we can clearly identify
the fracture tip growing from the bottom shear zone towards the top. This pattern is very
different from previous simulations, where no clear evidence of fracture tip is captured. We
define this type of failure that shows shear zones and shear crack in macro-scale as ductile
to brittle failure mechanism transition.
In the other group of simulations with λ = 1.6, the force-displacement curve is shown
in Figure 4.6(b). Compared to the case when λ = 0.8, the curve shows more kinks in the
whole loading process. The first continuous micro-event is not captured until the force is
about 90% of peak, as shown in Figure 4.9(a). Meanwhile, we can also observe development
of micro-cracks near the mid-bottom of the beam, which is the main reason of the kinks
on the force-displacement curve. What’s more, those tensile cracks do not lead to the final
failure of the sample, because the rebar at the bottom of the beam can still transmit forces
even though the sample is fractured with tensile cracks. In other words, the mode I tensile
failure is restrained in this case. When the force reaches the peak, the shear zones are fully
developed and tensile micro-cracks are observed. Similarly, we can observe some initiations
of micro-cracks near the bottom of the shear zone, and these eventually develop into a
macro-crack as shown in Figures 4.9(c)-(d), leading to the collapse of the sample.
The evolution of the fracture is mainly in the post-peak regime, as shown in Figures
4.9(c)-(d). Since the evolution process is very fast, the post-peak stage is refined into several
time intervals. Figure 4.10(b) shows that after the shear zones are fully developed, some
micro-cracks are initiated at the perimeter of the shear zones. In this case, the bottom shear
fracture propagates to the top load bearing stripe really fast, as shown in Figure 4.10(c).
As the load increases, the tip of the fracture grows. Meanwhile, in other part of the sample,
hardly any micro-events are observed. The propagation of the shear fracture causes the
load to drop significantly in the post-peak regime. The failure pattern observed in this case
is similar to that of the case when λ = 0.8.
Experimental results reported in [14] show that the shear strength is decreasing with
sample size. In these simulations, consistent results are observed. For the case when λ = 0.8,
sample size increases from 60 mm to 160 mm, and the average shear strength decreases about
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(a) D = 60 mm and S = 96 mm, λ= 0.8

















(b) D = 50 mm and S = 160 mm, λ= 1.6
Figure 4.6: Force-displacement curve in three-point bending test with β →∞.
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(a) stage A (b) stage B (c) stage C (d) stage D




Figure 4.8: Evolution of micro-cracks with D = 60 mm and S = 96 mm, λ = 0.8 and
β → ∞. (a) 0-90% pre-peak; (b) 90% pre-peak-peak; (c) peak-99% post-peak; (d) 99%
post-peak-92% post-peak; (e) 92% post-peak-85% post-peak; (f) 85% post-peak-70% post-
peak.
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(a) stage A (b) stage B (c) stage C (d) stage D
Figure 4.9: Cumulative micro-cracks with D = 50 mm and S = 160 mm, λ = 1.6 and
β →∞.
50%. When λ = 1.6, the shear strength decreases about 25% when the sample size increases
from 160 mm to 300 mm. Though the range of sample sizes in this study is relatively small
than that of experiments, it still indicates a decreasing trend. What’s more, the magnitude
of the strength decay is related to the relative size of shear zone to the overall sample size.
When λ = 0.8, the shear zone size as shown in Figure 4.7 is larger than that of λ = 1.6
as shown in Figure 4.9. The total amount of energy dissipated through cracks determines
the strength of the material, so the mechanism of cracks initiation and propagation plays a
crucial role in the size effect phenomenon. In three point bending tests, regardless of λ, the
input energy is mainly dissipated in two different forms: shear zone beneath load bearing
stripe and shear crack between two shear zones. Since shear crack is formed mainly by bond
breaking in micro-scale, the amount of energy dissipated is related to bond strength and
bond stiffness. In the case when λ = 0.8, the shear zone size to the shear crack size ratio is




Figure 4.10: Evolution of micro-cracks with D = 50 mm and S = 160 mm, λ = 1.6 and
β → ∞. (a) 0-90% pre-peak; (b) 90% pre-peak-peak; (c) peak-99% post-peak; (d) 99%
post-peak-92% post-peak; (e) 92% post-peak-85% post-peak; (f) 85% post-peak-70% post-
peak.
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(a) λ = 0.8















(a) λ = 1.6
Figure 4.11: Strength vs. sample width in three point bending with β →∞.
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4.5 Four-point Bending Test
4.5.1 Failure Mechanism
Four-point bending test has been used to study mode II shear fracture of concrete [15].
In this study, a numerical model as shown in Figure 4.12 is implemented to perform the
test. The symmetric notched sample is loaded by concentrated forces near the notches.
The fracture developed in a direction dominated by the shear stress is considered a pure
mode II shear band. Experimental evidence shows that the sample may fail in two different
patterns: one, as mentioned above, is dominated by mode II shear fracture; two, a mode
I fracture propagates sideways from the notch tip first then quickly run into a low stress
zone of the material. In order to prevent the sample from failing in the second scenario, the
distance between the load bearing stripes near the notch is carefully chosen to guarantee
the presence of a narrow shear stress zone in the center. All the dimensions are labeled in
Figure 4.12. The nominal shear strength obtained from the test can be defined as:
σFPB = P/(D − 2a) (32)
where P is the load and a is the notch length. In order to capture the size effect, a series of
samples with depth changes from 20 mm to 300 mm are tested. To minimize the influence
of the random nature of the samples, at least three samples are tested for each size. Since
in DEM, the sample resolution (grain size to the sample or load bearing stripe size) plays
a very important role in determining the stress field. In order to prevent local shear failure
beneath the load bearing stripes near the notch, the bonds near that region are set to be





Figure 4.12: Schematics of four-point bending test.
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Figure 4.13: Force-displacement curve in four-point bending test with β →∞, S =60 mm
and D =160 mm.
We choose the sample with S = 60 mm and D = 160 mm as an example to show
the analysis. Figure 4.13 shows the force-displacement curve. The first micro-cracks are
captured near the notch tip when the load is about 65% of peak, see Figure 4.14(a). Then
when the load keeps increasing up to the peak, more and more micro-cracks are observed
near the notch tip region and coalesced together to form a shear zone, as shown in Figures
4.14(b)-(c). The force starts to drop when a macro-fracture propagates between the two
shear zones, see Figure 4.14(d). This failure pattern is similar to the one observed in
three-point bending test, which is defined as shear brittle failure.
The whole failure mechanism can be further demonstrated by analyzing the micro-crack
evolutions in different time intervals, as shown in Figure 4.15. First of all, two shear zones
can be clearly seen in Figure 4.15(b) near the two notch tips. Besides, when the load reaches
the peak, the two shear zones are more or less fully developed. As the load continues, two
groups of micro-events are nucleated near the notch tips: one near the bottom shear zone
and the other is beneath top shear zone. Figure 4.15(d) shows that both of the two groups of
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(a) stage A (b) stage B (c) stage C (d) stage D
Figure 4.14: Cumulative micro-cracks with β →∞, and S =60 mm and D =160 mm.
micro-cracks coalesce together and propagate towards each other. When they form a macro
shear fracture together in the center of the beam, the sample fails. Figures 4.15(e)-(f)
demonstrate where the fracture tip is.
The variation of nominal strength with sample size is shown in Figure 4.16. When the
sample size is relatively small, the nominal strength is increasing with sample size up to
about D = 80 mm. Then the strength starts to decrease with sample size up to D = 180
mm. After that, the strength is more or less a constant irrelevant to sample size. This trend,
though contradicts with traditional size effect, satisfies the conclusion drawn from results
of brittle shear failure. For small samples, the size is not large enough for the shear zones
to be fully developed. As a result of that, the strength would be increasing with sample
size. When the sample size exceeds a critical value, the two shear zones have enough space
to grow and a shear crack is observed connecting them. At this stage, the strength of the
sample decreases with sample size. As mentioned before, the shear zone sizes are a material
constant if sample size is relatively large than the grain size. So if the sample size keeps
increasing, the ratio between the shear zone size to the sample size is vanishing. Thus the




Figure 4.15: Evolution of micro-cracks with β →∞, and S =60 mm and D =160 mm. (a)
0-90% pre-peak; (b) 90% pre-peak-peak; (c) peak-99% post-peak; (d) 99% post-peak-92%
post-peak; (e) 92% post-peak-85% post-peak; (f) 85% post-peak-80% post-peak.
121














Figure 4.16: Shear strength vs. sample width with β →∞.
4.5.2 Size Effect
In this section, we primarily focus on the issue of failure transitioning from shear crack to
shear band and its impact to the size effect by investigating two factors: softening coefficient
β and uniformity of the load. Since the preexisting notch may have contributions to the
overall size effect, we will perform the four-point bending tests with intact samples. The
configuration for the tests is summarized in Figure 4.17. The uniformity of the stress field
along the center line is adjusted by revising the width of the loading wall, w. In this section,
we set w = 20 mm and 70 mm and D/S = 1.
At β → ∞ and w = 20 mm, D varies in a range from 120 mm to 200 mm, the failure
mechanism is governed by a localized shear zone beneath the loading wall. In addition,
we can observe a fracture along the center of the sample when the sample collapses, see
Figure 4.19. Each micro-crack is represented using a line indicating the location, while the
time sequence of the micro-cracks is indicated by the color. The blue micro-cracks near the
loading wall suggests that the shear zone develops earlier than the center fracture. This





Figure 4.17: Four-point bending test model setup.
failure. This failure mode remains the same as D ∈ [120, 200] mm. As such, the nominal
shear strength defined as in Eq. 32 can be calculated and analyzed to show the size effect.
The results are summarized in Figure 4.18. As expected, the shear strength decreases with
sample size.
Then we increase the width of the loading walls near the center line of the sample to
w = 70 mm. The stress field along the center line is thus more uniform. The distribution
of the micro-cracks are demonstrated in Figure 4.21. The color represents the initiation
sequences of the micro-cracks at the specific stage. The results show no clear evidence of
the shear zone beneath the loading walls. Instead, the failure mode is governed by the
development of the rupture along the center line. Meanwhile, inclined shear cracks adjacent
of the fracture plane are also observed. By the time the sample fails, the shear band along
the center line split the sample into two halves. In addition, there is no apparent length scale
can be identified through the failure process. Though the width of the center fracture seems
like a factor influencing the size effect, careful examination suggests that the expansion of
the center fracture in lateral direction only happens in post-peak regime. The shear strength
is therefore only governed by the development of the center crack. As expected, the shear
strength exhibits no size effect, see Figure 4.20.
To investigate the impact of the strength ratio σc/σt on the failure mechanism and size
effect, the softening coefficient β is decreased to β = 0.1. At w = 20 mm, the distribution
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Figure 4.18: Shear strength vs. sample width, β →∞ and w = 20.
Figure 4.19: Distribution of micro-cracks at peak with β →∞, w = 20 mm, and D = 160
mm.
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Figure 4.20: Shear strength vs. sample depth, β →∞ and w = 70 mm.
Figure 4.21: Distribution of micro-cracks at peak with β →∞, w = 70 mm, and D = 160
mm.
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of the micro-cracks is illustrated in Figure 4.23. The color of the micro-cracks suggests that
the failure is initiated from near the center. Though several tensile fractures are observed
beneath the loading walls, they are not the dominant failure mechanism governing the
strength. By the time the shear stress reaches the peak, the sample collapse because of
the fracture along the center line. Meanwhile, there is no evidence to show the existence of
shear zones near the loading point. As such, the shear strength at peak exhibits a constant
trend w.r.t. sample size, see Figure 4.22.
At β = 0.1 and w = 70 mm, the micro-cracks exhibit a similar pattern governed by
a rupture along the center line of the sample. In addition, inclined shear fractures are
observed near the shear plane. In macro-scale, the shear band consists of multiple shear
fractures, as seen in Figure 4.25. From this failure pattern, there is no clear evidence of
existing an intrinsic length scale that controls the failure. The nominal shear strength thus
should be a constant independent of the sample size. However, Figure 4.24 shows that
the shear strength from four-point bending decreases with sample size. This observation
contradicts with previous conclusion that ductile shear failure should not exhibit size effect.
After carefully examine the fracture process zone during the failure process, it seems that
the shear strength at small sample size is associated with multiple shear bands.
In Figure 4.26, the fracture process zone is represented using the cloud of micro-bonds
in softening regime. The main shear band is located between the two loading walls. The
inclination angle is associated with the size of the loading wall w and the depth of the
sample D. Meanwhile, we can also observe a secondary shear band developed between the
loading wall and the support, particularly for the case with small D. As such, the shear
strengths are overestimated by samples with small D. We may also consider the size effect
as a boundary effect.
It has been shown in Figures 4.24 & 4.26 that the boundary effect has a great impact
to the shear strength measured from these tests. To justify the influence of the support to
the shear strength, an additional series of simulations with modified configurations are used
for the four-point bending test. Since the support located at the top right and bottom left
of the sample is used to restrain the rotational movement of the sample during the test.
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Figure 4.22: Shear strength vs. sample depth, β = 0.1 and w = 20 mm.
Figure 4.23: Distribution of micro-cracks at peak with β = 0.1, w = 20 mm, and D = 160
mm.
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Figure 4.24: Shear strength vs. sample depth, β = 0.1 and w = 70 mm.






Figure 4.26: Evolution of the secondary shear band at peak. From (a) to (f), sample size
increases from D = 100 mm to 200 mm by 20 mm. Blue dots are damaged bonds while red
ones are micro-cracks. The sample sizes are normalized to 1. Blue and red dots represent
softening bonds and bond breakage, respectively.
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Figure 4.27: Distribution of micro-evens with β = 0.1, w = 70 mm, and D = 100 mm.
Blue and red dots represent softening bonds and bond breakage, respectively.
They are necessary if the size of the loading wall is small, e.g., w = 20 mm. However, when
w = 70 mm, the rotation of the sample under the loading wall is negligible in simulations.
Therefore, we perform the four-point bending test using the same samples but without
the top and bottom supports to remove the boundary impact to the shear strength. At
w = 70 mm, β = 0.1 and D = 100 mm, the distribution of micro-events are demonstrated
in Figure 4.27. Compared to that in the case with supports as shown in Figure 4.26(a), the
secondary shear bands cannot be observed by removing top-right and bottom-left supports.
As such, the size effect contributed from the boundary is removed from the nominal shear
strength. The relationship between shear strength and sample depth D is summarized in
Figure 4.28. Although the average strength decreases from approximately 25 MPa to 20
MPa with sample size, the amount of strength decay is negligible compared to that shown in
Figure 4.26(a). Even though the size effect associated with boundary condition is removed,
there are other factors that contribute to the size effect as well. In four-point bending test,
the shear band consists of multiple shear cracks. As such, the contributions of the length
scales, e.g., shear band width, shear crack spacing, center fracture length, etc, to the size
effect require further investigation.
4.6 Discussion
To sum up, all the simulations in this study exhibit two failure patterns. First, if the sample
fails with a shear band, showing no clear sign of fracture tip, the failure mechanism is defined
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Figure 4.28: Shear strength vs. sample depth, β = 0.1 and w = 70 mm.
as ductile shear failure. Second, if the sample fails with shear zones and a clear shear fracture
in macro-scale, this failure pattern is called brittle shear failure. The difference between
shear zone and shear fracture can be visualized in Figure 4.29. Take the failure pattern
shown in Figure 4.29(a) as an example, we can clearly see two shear zones near the notch
tips, connected with an obvious shear fracture. We monitor the directions of all the micro-
cracks in this failure pattern. Since this is a two dimensional problem, the angles are in the
range from 0 to 180 degree. Then we divide this angle range into 20 buckets and count the
number of micro-cracks in each bucket. The result is presented in Figures 4.29(b)-(c). It
shows that micro-cracks in shear crack zone has a strong orientation, while the directions
are distributed uniformly in shear zone.
In this study, ductile shear failure pattern is observed in uniaxial compression tests, as
well as in mode II shear tests. The reason is the load is applied uniformly on the boundary,
yielding a relatively uniform stress field in the sample. On the other hand, in three-point
bending and four-point bending tests, the failure pattern is dominated by brittle shear































(a) micro-cracks (b) shear zone (c) crack zone
Figure 4.29: Shear band vs. shear crack.
used. Under such loading conditions, the gradient in the stress field is larger than former
tests. As a result, a clear shear zone and shear fracture are observed. The simulation results
also indicate that the nominal strength of quasi-brittle material is independent of sample
size under the condition of uniform stress, or in other words, ductile shear failure pattern.
The correlation between nominal strength and sample size is only observed under brittle
failure pattern.
In the case of brittle shear failure, the amount of strength decay with sample size seems
related with the relative size of the ductile shear zone to the brittle shear fracture. For
small sample size, there is not enough space for the shear fracture to develop. In this case,
the strength will be increase with sample size until the sample is large enough for ductile
shear zones to be fully developed. Furthermore, if the sample size exceeds that limit, shear
fracture is the dominant reason of the material losing its strength. Under such a scenario,
the ratio of shear zone size to the fracture size is decreasing with increasing sample size.
As a result, the strength will be decreasing with increasing sample size. When the ratio
is negligible, the dependency of the strength on the sample size vanishes as well, thus it
explains why the size effect cannot be observed for large enough samples, especially for the
experimental evidences presented in the first section.
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4.7 Conclusion
In this study, three different loading configurations are investigated with various sample
sizes. Certain modifications are also applied to the sample to demonstrate different failure
mechanisms. The simulation results presented show that the synthetic rock simulated using
discrete element method is capable of reproducing many basic characteristics of different
failure mechanisms of quasi-brittle material that have been widely observed in experiments.
Then two different shear failure patterns are observed, namely ductile shear and brittle
shear failure mode, respectively. The whole failure process in ductile shear failure mode
shows that the micro-cracks are distributed along the maximum shear stress directions and
the sample eventually fails because of the coalescence of those micro-cracks. During this
process, no clear sign of progressive crack can be identified. On the other hand, the whole
failure process in brittle shear failure mode shows that the micro-cracks are first observed
near the high-gradient stress field region. Note that the development of the shear zone
won’t lead to the failure of the sample. Instead, a shear fracture is observed beneath the
perimeter of the shear zone, which is the dominant reason for the strength decay.
On the basis of the two distinctive failure mechanisms, the simulation results suggest
that the relationship between the nominal shear strength and sample size is governed by
the development of the plastic zone. If the material fails in ductile shear mode, the strength
shows no correlation with sample size. However, if the sample fails in brittle shear mode,
the sample strength would decrease with sample size, as observed in experiments. The
failure mechanisms of the sample are governed by loading conditions. If the sample is
imparted with concentrated load, the sample would fail in brittle shear mode. Meanwhile,
if the load is uniformly distributed, the sample is likely to fail in ductile shear mode.
Consequently, the size effect phenomenon can only be observed in brittle shear failure
mode. Moreover, the amount of the strength decay is related to the ratio of ductile shear
zone size to brittle shear fracture length. The theory proposed in this study offers another
explanation to the divergence in experimental results of size effect phenomenon. However,
further investigations are required to thoroughly identify the intrinsic mechanisms of shear
band and shear fracture.
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CHAPTER V
NUMERICAL SIMULATION OF ROCK CUTTING
5.1 Introduction
Utilizing the scratch test to measure material properties can be traced back to the treatise,
On Stones, by Theophrastus (372 B.C.–288 B.C.) and the hardness test of Mohs (1773–1839)
[22]. In the past decades, experimental observations [102, 103] from the scratch test or the
rock cutting test in sedimentary rocks present compelling evidence that there exists a cor-
relation between the uniaxial compressive strength σc and the specific energy ε determined
from the slope of the mean cutting force versus the cross sectional area of the cut, i.e., the
input energy per unit volume of cut, when the test is conducted in a ductile-dominant mode
of failure. The ductile mode, which occurs when the depth of cut is smaller than a critical
threshold, is associated with continuous decohesion and plastic flow of pulverized materials
ahead of the cutter face. With the benefits of the test being non-destructive and can yield
continuous results along the length of cut, the scratch test has been employed in evaluating
rock heterogeneity [104, 103]. For a relatively homogeneous rock, the cutting force signals
in the ductile mode exhibit characteristics of white noise [93]. Variations in the pattern of
the force signals may therefore be inferred as a reflection of the changes in the rock strength
along the length of cut.
One of the characteristics of the cutting process is that it involves not only the ductile
mode, but also a brittle mode associated with rock chipping and fragmentation, when the
depth of cut increases. The issue that whether rock scratch test results represent strength
or fracture properties of the material has been under debate for many years. Previously in
the literature, the cutting process is generally modeled with the objectives to establish the
scratch test as a laboratory testing technique and/or to improve drilling efficiency [59]. It
has been proposed that the cutting force reflects the material toughness if it fails in brittle
mode. Many researchers believe that scratch test is an alternative way of measuring the
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fracture toughness of the material [117, 9, 2, 3, 4], rather than the strength. The key to
settle this long-lasting argument is to clearly explain the failure mechanism transition in
scratch test.
Failure mechanism is often characterized by apparent observations of macro-scale cracks
and influenced by numerous micro-scale factors that cloud the researcher’s view of the
underlying causality. Thus the failure mechanisms that dominate different failure modes in
scratch tests are still mystery. It has been shown that the failure process of rock cutting
involves both ductile and brittle fractures by FEM simulations [128]. In addition, the
authors interpret the results from failure mechanism transition point of view by showing
the size effect in brittle failure mode. As pointed out in [11] and the literature cited therein,
the apparent strength of quasi-brittle material is known to be a direct reflection of different
failure mechanisms.
It has been shown that the failure mechanism of rock cutting is closely related to the
cutter depth [102] . If cutter depth d is within a threshold value d∗, then the failure process
is dominated by ductile failure mode; on the other hand, if d > d∗, then the failure process
is dominated by brittle mode. Besides, experimental evidence has showed that the specific
energy determined from ductile failure mode is linearly related to uniaxial compressive
strength.
In this work, the scratch test is modeled numerically using the three-dimensional distinct
element method (DEM) [32]. DEM has been shown to be uniquely suited to model the
cutting process in rocks [60, 59]. Particularly, the DEM code particle flow code (PFC3D) is
employed in this analysis. Since PFC3D uses an explicit central difference time integration
scheme, simulations with different cutting velocities are carried out with a homogeneous
model to investigate whether the numerical analysis has a rate effect. Then the failure
mechanisms transition with softening coefficient β is reproduced to explore the critical
cutting depth. Because of the limitation of experimental apparatus, cutter width cannot be
changed during the cutting tests. Therefore, a series of numerical models are used in this
study to investigate the three dimensional effect to the cutting process, including cutting
force and specific energy. Scratch test simulations with numerical samples consisting of
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multiple layers with contrasts in material properties are then performed to investigate the
effect of rock heterogeneity.
5.2 Model Setup
Numerical simulations of the scratch test are conducted with a rectangular prism shaped
numerical sample with length L = 100 mm, heightH = 50 mm and widthW = 25 or 50 mm,
see Figure 5.1. The numerical domain is densely packed with 16,102 randomly generated
spheres (when W = 25 mm) with the radii uniformly distributed in the range of 0.8≤R̄≤1.33
mm. Normal displacements on four sides, ABCD, A’B’C’D’, BB’C’C, and ABB’A’ are set
to zero while sides AA’D’D and DCC’D’ are traction-free. A cutter, modeled by the wall
elements in PFC3D, is inclined by a rake angle θ = 15◦. The numerical simulations are
conducted at four cutter depth, d = 5, 10, 15 and 20 mm; for each cutter depth, the cutter
width varies from w = 5 mm to 50 mm by 5 mm. Note that the case of d = 20 mm will not
be discussed here because the damage zone is so large that it reaches the bottom boundary
of the domain, implying that the effect of the bottom boundary can no longer be ignored.
The cutting process is modeled by imparting a constant horizontal velocity Vx to the cutter.
The cases with w = 50 mm correspond to the slab cut while the others are the grove cut.
In this chapter, materials with softening coefficient β → ∞ and β = 0.1 are both
modeled to investigate various issues in rock cutting process. When the cutter moves, the
forces applied to the cutter is recorded. The total cutting force Fc is decomposed into two
components, namely, horizontal force F ch and vertical force F
c
v , as shown in Figure 5.1.
The micro-scale parameters for the homogeneous particle assembly are listed in Table
5.1. Unless otherwise noted, the rest of the parameters are chosen as follows: the radius
multiplier, λ̄=1; the stiffness ratios, kn/ks=1 and k̄n/k̄s =1; the interparticle friction coef-
ficient, µ=0.5; the particle density, ρ=2630 kg/m3; and the standard deviation of both the
normal and shear bond strengths is chosen to be 1% of the mean value. The macro-scale
material properties obtained from the uniaxial compression and the direct tension tests
are given in Table 5.2. These index tests are performed with a loading velocity V = 0.05




























Figure 5.1: Schematic of the cutting models.
the particle assembly is obtained by linearly fitting the failure envelope obtained from the
triaxial tests, see Appendix C. In addition, the stiffnesses of the cutter are chosen to be two
orders of magnitude higher than those of the particles and the interface friction coefficient
between the walls and the particles is also µw =0.5.
For the purpose of thoroughly examining the cutting process, two different materials
are tested, M1 and M2, respectively. For M1, two different types of cutters are used. In
one group of the samples, a box cutter is used as shown in Figure 5.1(a); while in the other
group, the side and back walls of the cutter are removed, so L-shaped cutter is used. In order
to investigate how the particles with broken bonds can impact the cutting force, or in other
words, the effect of the lose grains, the simulations with L-shaped cutters automatically
remove all particles out side of the domain that have broken bonds. Meanwhile, simulations
with M1 and M2 using box cutters keeps all the particles with broken bonds. Thus the
particles will pile-up in front of the cutter affecting vertical and horizontal forces.
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Elastic Modulus E (GPa) 5 5 5
Stiffness Ratio kn/ks 1 1 1
Normal Bond Strength σ̄c (MPa) 10 (STD=1) 100 (STD=1)
Shear Bond Strength τ̄c (MPa) 100 (STD=10) 1000 (STD=10)
Friction Coefficient µ 0.5 - -
Radius Multiplier λ̄ - 1.66 1.66
Table 5.2: Macro-scale material properties.
UCS σc (MPa) UTS σt (MPa) σc/σt
M1 19.50 3.90 4.90
M2 231.06 47.46 4.87
5.3 Effect of Cutting Velocity
5.3.1 Failure Mechanism
A mechanical process may be approximated as quasi-static if the inertia effect is negligible.
We may argue that if the cutter velocity is much smaller than the P-wave velocity of the
particle assembly, namely, Vx  VP , the scratch test can be considered as quasi-static
[60]. The P-wave velocity in a homogeneous isotropic medium can be determined from
Vp =
√
E(1− n)/r(1 + n)(1− 2n), where ρ is the density of the medium. For porosity
n≈35%, Vp ≈2120.8 m/s for the baseline Sample S1. Simulations with Vx=0.5, 1, 2.5 and
5 m/s (Vx/Vp O(10
−4)−O(10−3)), are performed with Sample S1. For each case, histories
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of the reactions in the cutter as well as the time and location that a parallel bond is first
broken are recorded. The x-component force on the front face of the cutter is referred to as
the cutting force Fc. The micro-scale failure for the two simulations with Vx = 0.5 m/s and
5 m/s are shown in Figure 5.2. The numerical results are post-processed by illustrating a
micro-crack, namely, a broken parallel bond, using a filled circle, drawn perpendicular to
the contact axis with the size equal to the mean diameter of the two particles previously in
contact. Figure 5.2 shows the micro-cracks projected onto the xz-plane at y = 0. Isolated
micro-cracks outside of the range of 0 ≤ y ≤ 25 mm are removed for better view of the
events inside the domain. The color of a micro-crack represents the length of cut when the
micro-crack is generated. Note that the length of cut s is proportional to the elapsed time
through t = s/Vx. The blue color corresponds to the early time and the brown color to the
late time. The sequence of the micro-crack events can therefore be inferred from the color
of the circles. Since the shear bond strength τ̄c is much larger than the normal strength σ̄c,
the micro-cracks here are mostly of tensile origin.
Clustering of the micro-cracks showing a diffuse mode of failure can be interpreted as
development of a plastic zone, whereas a localized trajectory formed from micro-cracks
coalescence can be considered a brittle crack. Figure 5.2 illustrates scratching of the tool
induces debonding of particles along the length of cut and in front of the cutter face. The
depth of damage along the length is close to the depth of cut d. A brittle mode of failure
where a crack initiated from the plastic zone near the tip of the cutter and propagated to
reach the free surface can be identified from Figure 2(a) for Vx = 0.5 m/s, while failure in
Figure 5.2(b) for V = 5 m/s indicates a ductile-dominant mode involving a shock, i.e., an
interface of velocity discontinuity between the damage zone and the intact material ahead
of the cutter. The orientation of the shock is around 45° w.r.t. the x-axis at s = 50 mm.
Orientation of the shock nevertheless fluctuates as the cutter advances. The failure mode
remains brittle at Vx = 1 m/s, but becomes ductile at Vx = 2.5 and 5 m/s. Increase in the
cutter velocity results in slight increase in the depth of damage and the thickness of the
damage zone ahead of the cutter, in addition to a transition from a brittle-dominant mode










(b) Vx = 5 m/s
Figure 5.2: Micro-scale failure at length of cut s = 50 mm with Sample S1.
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The effect of the loading rate on the failure mechanisms in these simulations is consistent
with the experimental observations that when the loading rate is relatively large, the fracture
toughness increases with the loading rate, since in order to produce equivalent main crack
surfaces, extra energy is need to produce more branching cracks and more micro-cracks in
the vicinity of the crack if the loading rate increases [127, 126]. Such a brittle-to-ductile
transition as a result of the cutter velocity has nevertheless not been observed in laboratory
scratch tests where the range of cutting velocity is relatively small, typically O(1) mm/s
(Detournay, personal communication). It is yet to be seen whether the rate effect observed
here is a numerical artifact since the numerical results are affected by the damping scheme
used to speed up convergence of the numerical calculation. A default value for the coefficient
for frequency-independent damping, α = 0.7, is used here. Hazzard et al. [49] suggested
that the damping coefficient α = 0.7 maybe relatively higher than realistic values for rocks.
We may argue that though the cutter velocity used in the numerical simulation is relatively
higher than typical experimental values, the severe numerical damping enables it to behave
close to the quasi-static condition.
5.3.2 Force Signal Analysis
A comparison of the cutting force signals at Vx = 0.5 and 5 m/s is shown in Figure 5.3,
dashed lines represent the mean values. Note that the force signals at the cutting distance
(i.e., the length of cut) s = 80 mm, are not shown due to the boundary effect. The cutting
force signal at Vx = 0.5 m/s appears to resemble the experimentally observed sawtooth
pattern with the rise and drop reflecting the phases of crack development. Meanwhile,
though the force signal at Vx = 5 m/s fluctuates more or less evenly around the mean value,
it is far from looking like the white noise generally observed for the ductile mode in the
laboratory experiments. Indeed, a power spectral analysis reveals that the force signals at
Vx = 5 m/s possesses the characteristics similar to brown noise. The power vs. frequency
relationship can be fitted by a power law with an exponent N ≈ 1.8, instead of 0 for a
white noise. At Vx = 0.5 m/s, N ≈ 1.9 instead of −1 for a pink noise as observed in [93].
This discrepancy may be understood based on the fact that the particle size distribution in
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the simulations is truncated. As a result, the force signals lack the high frequency content,
which corresponds to events associated with small length scale. Interestingly, the histograms
of the numerically obtained force signals nevertheless show similar characteristics to those
obtained from the experiments on Mountain Gold sandstone [93]. Here the histograms
are obtained by discretizing the range of the cutting force into N = 50 bins, counting
the number of data points in each bin and then normalizing it with respect to the total
number of data points. For the ductile mode (Vx = 2.5 and 5 m/s), the distribution of
the normalized cutting force F ch/F̄
c
h is more or less symmetric and is mainly in the range
of 0.5 < F ch/F̄
c
h < 1.5 (see Figure 5.4). For the brittle mode (Vx = 0.5 and 1 m/s), the
distribution of the force is skewed to the right and is zero when F ch/F̄
c
h > 3.
























Figure 5.4: Histograms of the normalized cutting force at different cutting velocity.
The mean cutting force, averaged over the range of 10 ≤ s ≤ 70 mm, are F̄ ch =4.41 kN,
7.49 kN, 13.75 kN, and 21.12 kN as the velocity increases from Vx = 0.5 m/s to 5 m/s.
As expected, the mean force is lower when fracturing is involved. The mean cutting force
F̄ hc at Vx=5 m/s yields a specific energy ε= F
c
h/wd =84.48 MPa. The ratio between the
142












(a) Vx = 0.5 m/s













(b) Vx = 5 m/s
Figure 5.3: Cutting force signal from sample S1 at different cutting velocities.
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specific energy and the uniaxial compressive strength from the triaxial test is ε/svc =1.35,
higher than ε/svc ≈ 1 from the experiments [103]. In addition to the possible rate effect in
the numerical simulations, another reason for the higher specific energy maybe because in
the simulations, the displacements in the y direction are set to zero for sides ABCD and
A’B’C’D’, whereas the correlation of ε/svc ≈ 1 is obtained experimentally by cutting in a
grove in rock cores where the lateral confinement is relatively weaker. With the constraint
of the computational cost in mind and considering the fact that the connection between the
strength and the specific energy is only applicable in the ductile mode, we set Vx = 5 m/s
for all subsequent simulations.
5.4 Effect of Softening Coefficient β
Since the brittle failure mode cannot be achieved at high cutting velocities. Thus in this
section, the cutter moves at a constant velocity from the left to the right of the sample at
Vx = 0.5 m/s. Both the horizontal and vertical forces applied to the cutter are recorded and
analyzed. The friction force on the side of the cutter/rock interface is negligible compared
to the horizontal and vertical forces based on the simulation results. When the cutter moves
close to the boundary of the sample, the cutting force is significantly elevated because of the
boundary effect. As such, the data recorded in these range is considered as misleading and
not included in the calculations. Meanwhile, brittle failure that involves chipping formation
on the side of the sample are observed during the scratch process. Hence the cutting force
doesn’t represent the grinding process under such conditions. We will also exclude those
simulations when analyzing the data.
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Figure 5.5: Cutting force vs. displacement for M2, d = 10 mm and w = 25 mm.
In the case when d = 15 mm and w = 40 mm, the cutting force signal shows a sudden
drop when cutting distance exceeds 60 mm. That phenomenon is related to the rock chip
formation, as shown in Figure 5.6(b), in which the green particles represents the fixed lower
boundary, the bonded particles are colored in yellow, and particles with broken bonds are
colored in red. When the cutter width is large, the rock tends to fail side ways, which
results in a brittle failure mode in lateral directions. This phenomenon is usually observed
when the cutter is approaching the end of the sample.
Other then previously described lateral brittle failure, most of the samples are dominated
by ductile failure mode, as shown in Figure 5.7. The failure mechanism is shown by a section
view at y = 5 mm. We can see that all the particles ahead of the cutter are debonded from
its surrounding particles. Besides, no clear sign of localized fracture can be see in the
whole failure process. Thus the failures are all dominated by ductile mechanism. It has
been shown by Huang [60] that the critical cutting depth d∗ governing the ductile-to-brittle
mode transition satisfies the following correlation:
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(a) horizontal cutting force
(b) chip formation
Figure 5.6: Cutting force history and failure mode at d = 15 mm and w = 40 mm. Red
circles represent particles with broken bonds. Yellow ones represent particles that are still
bonded.
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d∗ ∼ (KIC/σc)2 ∼ R̄(σt/σc)2 (33)
(a) w = 5 mm (b) w = 20 mm (c) w = 50 mm
Figure 5.7: Failure mechanism when d = 15 mm.
In this study, the ratio of σc/σt is relatively small at β →∞ compared to that of a real
rock; thus d∗ is much larger that the numerical sample is not large enough to exhibit brittle
failure mode. As such, we reduce softening coefficient β in the numerical model from ∞ to
0.1 to investigate the failure mechanism transition in rock cutting tests.
We use the micro-parameters listed in Table 5.7 for sample S1 as a baseline, and then
implement β = 0.1 and modify the normal bond strength according to Eq. 10 to compare
the simulation results. Note that we apply the loading velocity v = 0.5 m/s (from left to
right) to simulate a quasi-static loading condition (brittle failure mode cannot be captured
under high loading velocities.). The following simulations are performed on samples with
L = 100 mm W = 25 mm and H = 50 mm. The cutter width is kept a constant w = 25
mm.
At β → ∞, d = 10 mm, the numerical model exhibits a mixed failure mechanism that
involves both the ductile crushing failure and brittle failure. At cutting distance s = 90
mm, the initiation locations of all micro-cracks are demonstrated in Figure 5.8(b). The color
represent the time sequence when the cracks are generated. Two arrows in the figure point
out two lateral fractures. When the cutter moves to s = 27.5 mm and s = 57.5 mm, brittle
fractures are observed ahead of the cutter. To better demonstrate the development of the
brittle fractures, the distribution of micro-cracks when s = 27.5 mm and s = 57.5 mm are
also summarized in Figure 5.9. At these critical cutting distances, the horizontal cutting
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force also exhibits a sudden drop associated with the development of the brittle fracture, see
Figure 5.8(a). Nevertheless, the complete cutting force signal still shows the characteristics
of a White noise, which represents the ductile failure mode. Considering the evolution of
the brittle fractures, we conclude that this is a mixed failure mode involves both ductile
and brittle fractures. Although brittle fractures are observed during the cutting process,
they are not connected to the free surface. As such, the brittle failure does not impact the
average cutting force in the horizontal direction.
As suggested in Eq. 33, the failure mechanism transition in cutting test is controlled
by d∗, which is a material constant. Thus for the specific numerical sample, brittle failure
mode can be obtained by increase the cutting depth d. In this study, we increase d from
10 mm to 15 mm to justify the failure mechanism transition in numerical simulations. The
complete failure process is shown in Figure 5.10(b). Compared to the case when d = 10
mm, the failure is governed by brittle failures. We can see several white regions on the
path of the cutter, representing the materials excavated. Meanwhile, the cutter force signal
exhibits distinctive patterns that involves more pikes and valleys, see Figure 5.10(a). The
first brittle fracture is initiated at s = 15 mm, see Figure 5.11(a). As a result of the first
brittle fracture, the cutting force drops immediately from about 12 kN to 3 kN. Then the
cutting force increase again to about 12 kN until another brittle fracture is formed, see
Figure 5.11(b). Since the development of this brittle fracture leads to the excavation of
the materials in the cutting depth, the cutting force becomes almost negligible afterward.
In brittle failure mode, all the brittle fractures are connected to the free surface, thus the
materials are removed. As such, the cutting force is governed by the development of the
brittle fractures.
It has been indicated that the critical cutting depth d∗ is determined by the strength
ratio of the material. Hence we keep the material particles at the same scale while reducing
the softening coefficient β to reduce d∗. As such, we expect to see a similar failure mechanism
transition in this new material. Note that, the normal bond strength is scaled based on β,
so the absolute cutting force magnitude is not comparable to those of β →∞. Nevertheless,
the cutting force signal patterns should exhibit the same characteristics.
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(a) horizontal cutting force
fracture 1 fracture 2
(b) micro-cracks at s = 90 mm
Figure 5.8: Cutting force and micro-cracks at s = 90 mm d = 10 mm and β →∞.
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(a) micro-cracks at s = 27.5 mm
(b) micro-cracks at s = 57.5 mm
Figure 5.9: Distribution of micro-cracks at s = 27.5 and 57.5 mm, d = 10 mm and β →∞.
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(a) horizontal cutting force
(b) micro-cracks at s = 90 mm
Figure 5.10: Cutting force and micro-cracks at s = 90 mm, d = 15 mm and β →∞.
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(a) micro-cracks at s = 15 mm
(b) micro-cracks at s = 40 mm
Figure 5.11: Distribution of micro-cracks at s = 15 and 40 mm, d = 15 mm and β →∞.
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At β = 0.1, d = 10 mm, the cutting force signal and distribution of micro-cracks are
illustrated in Figure 5.12(b). Given the condition that when β = 0.1, the strength ratio
σc/σt is increased from ∼ 4 to ∼ 12, thus we expect to see at the same cutting depth
d = 10 mm, the new material should exhibit brittle failure mode. Figure 5.12(b) suggests
the existence of at least two brittle fractures during the cutting process, both are connected
with the free surface. As such, the cutting force signal also shows two valleys with bottoms
located at ∼ 30 mm and ∼ 80 mm. Since the development of the brittle fractures is always
ahead of the cutting force decay, we examine the evolution of micro-cracks at s = 15 mm,
see Figure 5.13(a). At the beginning of the cutting process, the failure is governed by ductile
micro-cracks associated with particle grinding. A brittle fracture propagates in the lateral
direction as the cutter proceeds. Then the fracture is connected with the free surface and
the particles above the fracture are excavated causing the cutting force to drop. When the
cutter proceeds to s = 57.5 mm, another brittle fracture is generated ahead of the cutter tip.
Then the cutting force drops again because the materials at the cutting depth are already
removed. Different to the failure mode when β → ∞ and d = 10 mm, this failure mode is
dominated by brittle fracture. Hence, the results suggest that the critical cutting depth d∗
in the model with β = 0.1 is reduced than that of β → ∞. The question is whether the
ductile failure mode still exist in this numerical sample? To answer this question, we reduce
the cutting depth to d = 5 mm and examine the evolution of micro-cracks to identify the
possibility of brittle fractures.
At β = 0.1 and d = 5 mm, the distribution of micro-cracks shows no clear sign of brittle
fracture, see Figure 5.14(b). Therefore, the cutting force signal is more or less uniformly
distributed around the average. As suggested by the results, the failure mode is governed by
ductile fractures. To sum up, when β → ∞, the failure mechanism transition from ductile
mode, despite the lateral brittle fractures, at d = 10 mm to brittle failure mode at d = 15
mm; while with β = 0.1,the failure mechanism transition from brittle mode at d = 10 mm
to ductile mode at d = 5 mm.
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(a) horizontal cutting force
(b) micro-cracks at s = 90 mm
Figure 5.12: Cutting force and micro-cracks at s = 90 mm, d = 10 mm and β = 0.1.
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(a) micro-cracks at s = 15 mm
(b) micro-cracks at s = 57.5 mm
Figure 5.13: Distribution of micro-cracks at s = 15 and 57.5 mm, d = 10 mm and β = 0.1.
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(a) horizontal cutting force
(b) micro-cracks at s = 90 mm
Figure 5.14: Cutting force and micro-cracks at s = 90 mm, d = 5 mm and β = 0.1.
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Table 5.3: Cutter geometries and configurations.
M1 M2
Cutter geometry Box L Box
Pile-up effect Yes No Yes
5.5 3D Effect of Cutter Geometry
In this section, three cutting geometries are examined. The cutter geometries and the
configuration for each test is summarized in Table 5.3. Box cutter consists of six walls
while L-shaped cutter consists of only two walls. The most significant difference during the
cutting process is the effect of the friction on the side walls. Meanwhile, the pile-up effect
is also considered by removing loose particles ahead of the cutter.
For each cutting test, the horizontal cutting force F ch and the vertical cutting force F
c
v
are obtained by averaging the force signals within the length of cut s ∈ [L/λ, (1− 1/λ)L],
where λis a coefficient and defined by λ = 2/(1− l0/L); while L is the length of numerical
sample, L = 100 mm for this study. Figure 5.5 shows the histories of the horizontal and
vertical cutting forces for the case of d = 10 mm and w = 25 mm. The cutting force signal
exhibits an early transient period (Z1), a pseudo steady state (Z2), and then the late cutting
period (Z3) when the cutter becomes too close to the far right boundary.
In order to show the effect of λ to the average cutting force, we pick M2 and d = 10 mm
as an example to show the analysis. By the definition of λ, we have λ > 2. So we choose
λ = 3, 4, 5, and 6 to investigate the sensitivity of average cutting force. The results are
summarized in Figure 5.15. It clearly shows that when the cutter width is small, the impact
of λ to the average cutting force is negligible. When cutter width is large, then large pieces
of chips are formed during the cutting process, which leads to large variation of the cutting
force; thus the influence of λ is large. However, when λ = 4, the force is roughly the average.
From Figure 5.5, we can see that when λ = 4, l0 would cover most of the steady cutting
process. Thus the average cutting force would be accurate enough to represent the whole
cutting process. So for all the simulations, λ = 4 is used to determine the average cutting
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force. Thus the average specific energy and drilling strength [35] respectively defined as:
E = F ch/A (34)
S = F cv/A (35)
where A is the cross sectional area of the cut. The results are summarized in Tables 5.4 -
5.6.
5.5.1 Influence of w on Specific Energy and Drilling Strength
The plane strain cutting model proposed in [35] shows that the specific energy is constant
and linearly related to the uniaxial compressive strength. In this study, the average hori-
zontal forces are plotted in Figure 5.16 - 5.18, which shows that all the horizontal cutting
forces are linearly correlated with the cutting area; in other words, the specific energy for
each synthetic material is a constant. However, for M1, two different cutters are used, and
they yield different specific energy. The cutting tests with box cutter have larger frictions
on the cutter sides. As a result of that, the energy required to excavate a unit volume of
rocks is larger compared to using L-shaped cutter.
It has been shown that the cutting force would increase with cutter depth [33, 102, 103].
In this study, this phenomenon has been verified as well. What’s more, the influence of
cutter width is also investigated. At d = 15 mm, ε decreases with the cutter width for all
three cases; while at d = 5 mm and d = 10 mm, ε first increases and then decreases with
the width w when pile-up effect is considered. The maximum values occur when w = 25
mm. In the case of no pile-up effect, ε decreases constantly with cutter width when d = 10
mm and d = 15 mm. When d = 5 mm, ε is approximately a constant, which is independent
of the width w.
On the other hand, drilling strength S shows an abnormal trend in the case when d = 5
mm for M2. When d = 10 mm and d = 15 mm, s is slightly increasing with w, then it
decreases. However, the overall trend is roughly a constant. In the case of L-shaped cutter
for M1, S shows a decreasing trend with cutter width. When w = W , the dependency is
vanished. For M2, when cutter depth d = 5 mm and d = 10 mm, S increases with w up
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Figure 5.15: Influence of λ to average cutting force for M2, d = 10 mm.
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1 5 5 100 0.96 0.56 36.8 21.8
2 5 10 100 2.09 1.28 43.5 26.7
3 5 15 100 3.38 1.99 45.0 27.2
4 5 20 100 4.72 2.89 48.4 29.2
5 5 25 100 6.19 3.84 51.3 31.9
6 5 30 100 7.31 4.40 50.2 30.2
7 5 40 100 9.54 5.82 48.6 29.8
8 5 50 100 10.91 6.59 43.7 26.3
9 10 5 100 2.07 0.77 41.7 16.3
10 10 10 100 4.32 1.69 45.2 17.5
11 10 15 100 6.72 2.57 46.9 18.0
12 10 20 100 9.06 3.56 48.1 18.8
13 10 25 100 11.05 4.23 44.0 17.9
14 10 30 100 12.92 5.15 42.8 18.5
15 10 40 100 16.30 6.31 40.8 17.0
16 10 50 100 17.98 6.97 36.0 14.9
17 15 5 100 3.68 1.05 49.6 13.9
18 15 10 100 7.06 2.08 47.1 14.2
19 15 15 100 10.52 3.08 47.5 15.1
20 15 20 100 13.90 4.26 47.6 15.2
21 15 25 100 15.73 4.65 41.1 12.8
22 15 30 100 19.72 5.97 45.1 13.3
23 15 40 100 24.24 7.71 42.2 13.6
24 15 50 100 27.82 8.59 38.5 12.1
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1 5 5 100 0.67 0.28 26.68 11.29
2 5 10 100 1.50 0.64 29.90 12.88
3 5 15 100 1.97 0.83 26.32 11.04
4 5 20 100 2.57 1.07 25.72 10.69
5 5 25 100 3.32 1.41 26.54 11.32
6 5 30 100 3.86 1.63 25.76 10.88
7 5 40 100 5.10 2.07 25.50 10.35
8 5 50 100 5.77 2.32 23.10 9.27
9 10 5 100 1.90 0.72 37.91 14.33
10 10 10 100 3.42 1.36 34.23 13.64
11 10 15 100 4.94 1.96 32.95 13.09
12 10 20 100 6.21 2.47 31.07 12.35
13 10 25 100 7.51 2.93 30.04 11.70
14 10 30 100 8.70 3.33 29.01 11.12
15 10 40 100 10.37 3.94 25.92 9.85
16 10 50 100 12.04 4.56 24.08 9.11
17 15 5 100 3.67 1.36 48.98 18.19
18 15 10 100 6.52 2.45 43.48 16.36
19 15 15 100 8.85 3.20 39.35 14.22
20 15 20 100 10.89 4.25 36.28 14.18
21 15 25 100 12.53 4.56 33.41 12.15
22 15 30 100 13.52 5.01 30.05 11.14
23 15 40 100 17.82 6.77 29.70 11.29
24 15 50 100 20.11 7.63 26.81 10.17
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1 5 5 100 2.6 1.33 103.49 53.12
2 5 10 100 6.1 2.80 122.28 56.01
3 5 15 100 10.5 4.68 140.06 62.44
4 5 20 100 14.7 6.43 147.39 64.33
5 5 25 100 19.2 8.40 153.68 67.19
6 5 30 100 22.9 10.12 152.79 67.47
7 5 40 100 30.1 13.28 150.49 66.38
8 5 50 100 34.2 14.50 136.88 58.01
9 10 5 100 8.1 2.99 161.55 59.81
10 10 10 100 17.7 7.10 177.15 70.96
11 10 15 100 25.8 10.27 172.28 68.49
12 10 20 100 37.1 14.36 185.67 71.82
13 10 25 100 46.9 18.55 187.40 74.20
14 10 30 100 55.4 22.51 184.61 75.02
15 10 40 100 68.0 26.88 169.93 67.20
16 10 50 100 74.9 29.56 149.80 59.12
17 15 5 100 16.6 6.08 221.57 81.10
18 15 10 100 32.4 12.17 215.71 81.16
19 15 15 100 41.2 15.49 183.20 68.86
20 15 20 100 63.7 23.27 212.32 77.55
21 15 25 100 65.2 25.36 173.81 67.63
22 15 30 100 74.3 29.21 165.13 64.92
23 15 40 100 106.9 41.31 178.08 68.85
24 15 50 100 112.3 42.94 149.75 57.26
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(a) horizontal cutting force































(b) vertical cutting force
Figure 5.16: Variation of cutting forces vs. cutting area for M1, box cutter.
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(a) horizontal cutting force






























(b) vertical cutting force
Figure 5.17: Variation of cutting forces vs. cutting area for M1, L-shaped cutter.
164

































(a) horizontal cutting force































(b) vertical cutting force
Figure 5.18: Variation of cutting forces vs. cutting area for M2, box cutter.
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to about 25 mm, then it starts to decrease. When d = 15 mm, S shows a decreasing trend
with w.
5.5.2 E-S Diagrams
As predicted by D&D model [35], the theoretical E-S diagram is shown in Figure 5.22. If
the cutter is sharp that no friction is considered in the whole cutting process, then the E−S
diagram converges to a point, namely the cutting point. On the other hand, if friction at
the bottom of the cutter is considered, then E − S data falls on the curve, namely friction
line. In this study, the E − S diagrams are shown in Figures 5.23-5.25.
In the case of cutting tests on M1 with box cutters, the data from different cutting depth
mainly distributed on three different lines. Since the friction on the sides of the cutter are too
significant to be neglected, so the horizontal force required to excavate the rock is increasing
with cutting depth. However, the three friction lines intersect at a point as shown in Figure
5.23, which is defined as cutting point. Thus the specific energy obtained from these tests
can be estimated as ε = 18.5 MPa. For different cutter depth, the interactions between the
cutter side walls and the rock is different, too. The mechanism is related to the confining
pressure due to 3D effect in the lateral direction. Besides, under this tests, the particles
with broken bonds are piling up in front of the cutter, results in more interactions to the
cutter.
In order to minimize the influence from the cutter side walls, as well as the pile-up effect,
L-shaped cutter is used to perform the rock cutting tests on M1. In this case, the E − S
diagram shows a better convergence of the friction line. When cutter depth d = 10 mm
and d = 15 mm, the slope of the friction lines are more or less the same. However, when
d = 5 mm, the slope of the friction line is slightly off the trend. But still all the simulation
results intersect at the cutting point. The specific energy determined from this series of
cutting tests is approximately ε = 21.5 MPa. Since both groups of tests on M1 are using
the same material, only the cutter geometry is different, thus the specific energy are very
close to uniaxial compressive strength, σc = 19.5 MPa. Since in experiments, the friction
interaction between the cutter and the sample is mainly concentrated at the bottom of the
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Figure 5.19: Specific energy and drilling strength vs. cutter width for M1 box cutter.
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Figure 5.20: Specific energy and drilling strength vs. cutter width for M1 L-shaped cutter.
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Figure 5.22: Theoretical E − S diagram [35].

































Figure 5.23: E − S diagram for M1, box cutter.
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Figure 5.24: E − S diagram for M1, L-shaped cutter.
cutter due to wear effect; in this study, all the cutters are modeled with rigid wall and no
wear effect is considered. All the E − S diagram shows the characteristics of blunt cutter
as seen in experiments. On the basis of that, the numerical simulation results show that
the friction on the side and front of the cutter is also a key factor influencing the cutting
efficiency.
In the last group of cutting tests, the cutter is modeled using a box with six walls.
The tests are performed on M2, which is a much stronger material compared to M1. The
results with d = 5 mm is off the trend compared to the other two groups. The cutting point
determined from d = 10 mm and d = 15 mm shows that ε = 142 MPa, which is much lower
compare to σc = 231.06 MPa.
Based on all the cutting test results, when cutter depth d = 5 mm, the depth is only
about 5 times of the average grain radius. In other words, the cutter may have contacts
with no more than 3 grains during the cutting process (neglect particles with broken bonds).
As a result, both the horizontal and vertical cutting forces are significantly dependent on
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Figure 5.25: E − S diagram for M2, box cutter.
the interactions of the side walls, as well as the particles piled up in front of the cutter.
Therefore, the cutting force is not representative of the overall cutting behavior.
Simulation results show that the cutter geometry has a great impact to the rock cutting
behavior. The energy required to cut a unit volume of rock is increasing first, then it
would decrease with cutter width. For shallow depth cut, the pile-up effect is dominant to
the overall cutting force signal. Besides, it will cause more energy requirement during the
cutting process. So in order to improve the cutting efficiency, certain technique should be
used to remove the loose materials to minimize the pile-up effect. Besides, the cutter width
should be carefully chosen to lower the energy consumption.
5.6 Probing Rock Heterogeneity
5.6.1 Numerical Model
Cutting force signal is considered a direct reflection of the material property. In this sec-





















Figure 5.26: Schematic of numerical model.
First of all, a homogeneous baseline particle assembly is modeled using DEM, the micro-
scale parameters are listed in Table 5.7 (under baseline Sample S1). Then, two additional
numerical samples consisting of three vertical layers are also constructed by modifying the
mechanical properties in the middle layer with the particle assembly configuration remaining
the same as Sample S1, see Figure 5.26. Note that the thickness of the middle layer is t.
The micro-scale parameters and the corresponding macro-scale mechanical properties for
the middle layer are listed in Tables 5.7 and 5.8 under Samples M1 and M2. The bond
strengths of the interfaces between the layers are the same as the middle layers. The
compressive strengths of Samples M1 and M2 are around 157% and 42% of that of Sample
S1, respectively. While the baseline material properties are similar to those of sandstone
[70], the middle layer properties are chosen to be similar to those of the hard and soft North
Sea shale as given in [57].
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Point contact modulus Ec 5000 2800 7200
Parallel bond modulus Ēc 5000 2800 7200
Normal bond strength σ̄c 30 14 52
Shear bond strengthτ̄c 300 140 520











Tensile strength σt (MPa) 11.92 20.0 5.52
Elastic modulus E (GPa) 6.92 9.79 3.77
Poisson’s ratio ν 0.20 0.16 0.16
Friction angle φ (deg) 21.71 20.97 23.04
5.6.2 Effect of Heterogeneity
The two numerical samples, Samples M1 and M2, are utilized to probe the effect of het-
erogeneity by maintaining the same geometrical configuration as the baseline Sample S1
and modifying only the micro-scale properties in a middle layer of thickness t within
50 − t/2 < x < 50 + t/2 mm according to Table 5.7. The material properties within
0 < x < 50 − t/2 mm and 50 + t/2 < x < 100 mm remain the same as those in Sample
S1. The effect of heterogeneity is investigated from two aspects: (I) the contrast in the
mechanical properties between the middle layer and the baseline; and (II) the effect of the
thickness of the middle layer. Two series of simulations are performed. In the first series,
the middle layer in Samples M1 and M2 has a thickness t = 20 mm. The compressive
strength in the baseline sample is lower than the strength of the middle layer in Sample
M1, but higher than that in Sample M2. In the second series, the middle layer thickness in
Sample M2 is varied with the location remaining within 50− t/2 < x < 50 + t/2 mm.
Comparison of the force signals from Samples S1, M1 and M2 in Figure 5.27(a) indicates
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t = 20 mm
(a) sample S1 with middle layer M1 and M2, t = 20 mm
















M2, t = 8 mm
M2, t = 15 mm
(b) sample S1 with middle layer M2, t = 8 and 15 mm
Figure 5.27: Cutting force signals with different middle layers.
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that the existence of the middle layer is reflected in the force signals before the cutter has
advanced to the layer. However, there is little influence for s < 20 mm and s > 50 mm.
Within the range of 20 ≤ s ≤ 50 mm, the mean force level reflects the strength magnitude
in the middle layer for each case. The range of 20 ≤ s ≤ 40 mm may therefore be considered
as the transition zone. The size of this transition zone is about twice the depth of cut in
these cases. As can be seen from Figure 5.27(b), the effect of heterogeneity diminishes as
the middle layer thickness decreases. When t = 20 mm, the difference in the mean cutting
force F̄c between the baseline Sample S1 and Sample M2 averaged within 10 ≤ s ≤ 80 mm
is about 10%. The difference decreases to 2% when the middle layer thickness in Sample
M2 decreases to t = 8 mm.
Dependence of the size of the transition zone on the depth of cut can be explained by
examining the micro-scale failure mechanisms before and after the cutter scratches through
the middle layer (see Figures 5.28 & 5.29). Apart from a few minor stable downward growing
cracks, the dominant failure mechanisms in the simulations are ductile. An important
failure characteristic shown in Figure 5.28 is that the plastic failure in the ductile mode
is uncontained. In other words, the plastic zone grows to reach the free surface and is
not enclosed by the domain in elastic deformation. Consequently, the response to the
mechanical loading imposed by the cutter is mainly in form of plastic deformation and the
elastic deformation is negligible. The cutting force therefore reflects rather local material
properties, limited to the region near the cutter, which is of the size of the plastic zone and
about a few times the depth of cut.
The numerical observations from this analysis justify that the scratch test is ideally
suited to probe rock heterogeneity. If the thickness of a heterogeneous layer is at least
an order larger than the depth of cut, the scratch test could capture the existence of the
heterogeneity. In laboratory experiments on sedimentary rocks, at a depth of cut no more
than 1 mm, the cutting force or the specific energy could already accurately reflect the
strength of the rock [102, 103]. That means the resolution of the scratch test in identifying
a heterogeneous layer could be as small as O(10) mm.
In this work, the scratch test is modeled using the three-dimensional distinct element
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(a) M1, s = 40 mm
(b) M1, s = 60 mm
Figure 5.28: Micro-scale failure mechanism in Sample M1.
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(a) M2, s = 30 mm
(b) M2, s = 60 mm
Figure 5.29: Micro-scale failure mechanism in Sample M2.
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method. The numerical analysis is able to reproduce many characteristics in the cutting
force signals that have been observed experimentally, e.g., the trends in the histograms of the
cutting forces. However, the numerically obtained force signals lack high frequency content.
A possible rate effect when the cutter speed is in the range of Vx/VP ˜O(10
−4) − O(10−3)
is observed numerically. Further comparison with experiments is needed in order to clarify
whether the observed rate effect is a numerical artifact. The numerical analysis with the
multi-layered samples shows that the scratch test is ideally suited to probe rock hetero-
geneity. The uncontained nature in the ductile mode of failure means that the reactions
on the cutter are sensitive only to local material properties. From a practical standpoint,
the resolution of the scratch test in identifying a heterogeneous layer on sedimentary rocks
could be as small as O(10) mm.
5.7 Fractal Analysis
5.7.1 Spectrum Analysis
Cutting force signal can be considered as a time series, which is also a self-affine fractal,
thus the power spectrum P (f) has a power law dependence on frequency f [116]. Peitgen
et al. [92] showed that the continuous Fourier transform FT (f) of a signal T in relation to










in which X is the re-sampled length of T , rX is the total length of Y , and H is the Hurst








Then transform Eq. 37 to a power spectrum. Given the fact that T and Y are statisti-





















By applying the concept of Brownian noise, they obtained that the Hurst exponent is related




The value of H determines what kind of process the fractal Brownian motion is:
 if H = 1/2, then the process is in fact a Brownian motion;
 if H > 1/2, then the increments of the process are positively correlated;
 if H < 1/2, then the increments of the process are negatively correlated;
Researchers [81] claimed that the Hurst exponent describes the raggedness of the resultant
motion, with a higher value leading to a smoother motion. Based on the above statement,
the power spectral density (PSD) for the cutting tests with d = 10 mm is demonstrated in
Figure 5.30. The slope of the PSD curve is roughly equal to 1/2, which means that all the
cutting force signals can be categorized as Brownian motion.
5.7.2 Identify Middle Layer Thickness
It has been observed that as the middle layer thickness decreased, the divergence of the force
signal will be reduced as well. For the purpose of identifying the presence of the middle
layer, a minimum layer thickness is predicted. Due to the oscillation of the force signal in
time domain, the characteristics of the curve cannot be discovered. However, this problem
can be solved in frequency domain by carrying out the Discrete Fourier Transform (DFT).
The frequency components are corresponding to the cutting process, specifically, related to
chip size [108]. Frequency spectrum of the cutting force is illustrated in Figure 5.32, from
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Figure 5.30: Power spectrum of signals from cutting tests d = 10 mm.
which we can see that the dominant components are mainly distributed in low frequency
range, which corresponds to the chip formation and particle debonding process in cutting.
On the basis of that, the high frequency components are useless in probing the heterogeneity
from force signal. So a low pass filter is used to get rid of that part of force signal, as shown
in Figure 5.33(middle). After performing the low pass filter, the oscillation related to high
frequency components are eliminated and the shape of the signal is preserved. Afterwards,
all of the filtered data are compared with each other under different middle layer thickness.
The results are summarized in Figure 5.31.
In the frequency domain, the amplitude of different frequency components are very
similar among cutting simulation trials. As an example, the specific result of t = 20 mm
and baseline are shown in Figure 5.32. The power spectral density function S(f) = 1/f is
plotted as well, which is a straight line in log-log scale and the slope is -1, indicates pink
noise characteristics.
Now take t = 20 mm as an example, the data of cutting distance from x = 10 mm to
x = 70 mm is used to perform the analysis. The peaks and valleys of the force signal allow
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y = ¡0:1031x + 20:03
R-square = 0:9229
(a) average force vs. middle layer thickness


























) y = 3:3086x + 3:833
R-square = 0:9888
(b) average cutting force vs. cutting speed





































t = 20 mm
S(f)=1/f
Figure 5.32: Amplitude vs. frequency after DFT.
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Figure 5.33: Divergence of cutting force signal. (up) original force signal without data
filtering; (middle) low-pass filter; (down) data after passing the filter. (a) S1 with M1
middle layer, t = 20 mm; (b) S1 without middle layer.
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Figure 5.34: Identify peak and valley from the force signal.
us to estimate the middle layer thickness. Define the dip as dip = 12 [(y1 − y2) + (y3 − y2)],
length l = (x3−x1). The softening behavior, including dip and length of the valley, is caused
by the bond breaking process in the middle layer during the cutting simulation. However, it
is not necessary that the start point as (x1, y1), shown in Figure 5.34, is identical to the left
boundary of the middle layer. Instead, it is always 1t ∼ 2t ahead of that. When the cutter
reaches the boundary of the soft layer, the particles with broken bonds are compressed
against each other, which makes the stiffness of that layer increase and thus the cutting
force increases as well.
On the other hand, the distances between peaks and valleys on the cutting force signal
of baseline material are considered a reflection of the materials intrinsic property.
5.7.3 Identify Failure Mechanism
As discussed in previous sections, the rock fails in brittle mode when Vx = 5 m/s, and
ductile mode when Vx = 0.5 m/s. It has been shown experimentally that the PSD of the


























































Figure 5.35: Identify peak and valley from the force signal.
β = 1, if the rock fails in brittle mode. In the simulations, the cutting force signal only
shows the characteristics of Brownian noise, see Figure 5.35, in which β = 2 because high
frequency components are inadequate in DEM models. However, when the rock fails in the
transitioning zone from ductile to brittle, β is increasing from 1.8 to 2 in this study, which
means that β could be considered as a failure mechanism indicator in rock cutting tests.
In this study, a signal analysis method is proposed to identify the presence of a middle
layer in homogeneous baseline material. First of all, the ductile failure mode must be
guaranteed in order to relate the cutting force with UCS of the material. Second, cutting
force signal can be considered as an indicator of the material strength by identifying the
local peaks and valleys. Third, it has been shown that the characteristic length and dip
identified from the force signal are linearly correlated with middle layer thickness. Last but
not least, the force signals from cutting tests satisfies the requirements of Brownian signal,
that the power spectrum satisfy S(f) = 1/fβ and β = 2 in frequency domain, and β could
be considered as an indicator of the failure mechanism. In practice, the heterogeneity of
rocks is a much more complex issue compared to the numerical model stated in this paper.
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Further investigations are needed to solve complex problems such as rock with multiple
middle layers, the effects of middle layer spacing, etc.
5.8 Conclusion
In this chapter, rock cutting tests are numerically modeled with discrete element method.
First, the 3D effect of cutter geometry is investigated. It shows that the failure mecha-
nism observed in this study is mainly dominated by ductile failure. Due to the influence of
the boundary condition at two ends of the sample, the average cutting force is obtained from
the stable cutting process, which is related to the parameter λ. In this study, λ = 4 gives
a good approximation of the cutting force. Then, the correlation between specific energy
and cutter width w is analyzed. The results show that the pile-up effect has a significant
impact to the energy consumption in the cutting process. Besides, when using L-shaped
cutter to minimize this effect, the specific energy would decrease monotonically with cutter
width. The E−S diagrams obtained from the simulations verified D&D model and showed
that the rock cutting tests in this study involved frictional interaction between the cutter
and the sample.
Rock cutting tests can also be used to probing rock properties, such as strength. In this
part, layered samples are used to perform the tests. First of all, the effect of cutting velocity
is studied. The results show that when velocity is as small as Vx = 0.5 m/s, then the failure
mechanism is dominated by brittle failure. However, if the cutting velocity is increased
to Vx = 5 m/s, then the failure mechanism is dominated by ductile failure. Second, the
properties of the middle layer material is changed from baseline to M1 and M2, respectively.
In both cases, the cutting force signals show certain characteristics to represent the property
change.
It has been shown by researchers that the rock cutting signals represents the failure
mechanism. In this study, the signals satisfy the definition of Brownian noise. Besides,
when the failure mechanism changes from ductile to brittle, the force signal also inclined
to pink noise. By monitoring the parameters of the cutting force, a linear correlation with
middle layer thickness is observed. As a result, this empirical correlation could be further
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used to identify rock heterogeneity.
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CHAPTER VI
CONCLUSIONS AND FUTURE WORK
6.1 Conclusions
Brittle-ductile failure mechanism transitions in various rock destruction processes are stud-
ied comprehensively using the DEM code PFC2D/3D in this work. Both two and three
dimensional simulations are conducted to investigate the connections among the nominal
material strengths, the sample size and the failure mechanisms in laboratory strength tests.
A novel displacement-softening contact model is first proposed and implemented in the
DEM code PFC2D/3D to model the failure behaviors of quasi-brittle materials. The numer-
ical analyses show that the displacement-softening contact model is capable of reproducing
a realistic strength ratio UCS/UTS as commonly seen in quasi-brittle materials, while prop-
erly capturing the macro-scale failure mechanism. By adjusting the softening coefficient β,
the strength ratio effectively increases from ∼ 4, typical for a perfect brittle contact model,
to as high as ∼ 30, which could be considered as the upper bound of quasi-brittle materials.
A series of confined compression and extension tests is performed to calibrate the softening
model against two commonly studied rocks, Lac du Bonnet granite and Berea sandstone.
The numerically obtained failure envelopes show excellent agreements with those obtained
from the experiments. The brittle-ductile failure mechanism transition from the failure
mode dominated by an opening mode tensile crack under low confinement, to the failure
mode governed by shear bands under high confinement, is properly modeled.
As consistent with experimental observations, two failure scenarios are reproduced in
the intact Brazilian test, namely, diametrical splitting failure from a center crack (Scenario
I) and indentation-type of failure (Scenario II). The simulation results show that the failure
mechanisms in the Brazilian test are governed by the strength ratio of the material. If the
strength ratio is low, the indentation-type of failure is more likely to occur. The nominal
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Brazilian tensile strength (BTS) decreases with the sample diameter and reaches an asymp-
tote. The asymptote nevertheless could be as low as about only 0.5 times of uniaxial tensile
strength. On the other hand, if the strength ratio is relatively high, while the size effect
in BTS becomes negligible, the BTS in fact overestimates the intrinsic tensile strength.
The nominal strength based on the crack initiation load, instead of the peak load, yields
a better prediction of the tensile strength. The ratio of the BTS/UTS based on the crack
initiation load from the numerical analysis falls in between about 0.5-1.36, comparable to
those obtained experimentally in the literature. From the point of view of DEM material
properties calibration, our analysis suggests that the Brazilian test is not a suitable index
test to obtain the tensile strength for a DEM model. For the conventional perfect brittle
contact models, only the indentation type of failure is possible and the UTS could poten-
tially be underestimated. From the laboratory testing point of view, the implications of
our numerical analysis are that failure mechanisms in the Brazilian test are critical to the
reliability of test results and incorporating monitoring techniques to determine the crack
initiation load could be beneficial to improve the test reliability.
The failure mechanism transition from ductile shear (shear band or damaged zone)
to brittle shear (shear crack) is studied by performing numerical simulations of uniaxial
compression, three-point bending with the tensile failure mode suppressed, and four-point
bending tests. Both the ductile and brittle shear failure modes are reproduced in the
simulations. In ductile shear failure mode, the macro-crack is formed by the coalesces of
the micro-cracks and no clear crack tip can be identified during the failure process. On
the other hand, brittle shear is associated with the progressive development of the shear
crack. Propagation of the crack tip can be observed during the loading process. Size effect
is observed if the sample fails in a brittle shear mode. For three-point and four-point
bending tests, the strength decay is governed by the shear zone size to sample size ratio.
Uniformity of the stress field plays a critical role in dictating the micro- and macro-scale
failure mechanisms.
In the scratch test, dependence of the critical depth of cut, which governs the transition
from a ductile shear failure mode to a brittle tensile fracture mode, on the strength ratio
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is verified. The numerical simulations confirm that the scratch test in the ductile shear
failure mode could be a non-destructive alternative for measuring the uniaxial compressive
strength. The numerical analysis with the multi-layered samples shows that the scratch
test is ideally suited to probe rock heterogeneity. The uncontained nature in the ductile
mode of failure means that the reactions on the cutter are sensitive only to local material
properties. From a practical standpoint, the resolution of the scratch test in identifying a
heterogeneous layer on sedimentary rocks could be as small as O(10) mm.
6.2 Future Work
With the basic failure characteristics such as the strength ratio and the nonlinear failure
envelope being properly reproduced by the displacement-softening contact model, a new
venue is open for us to explore the rock behaviors under more complex loading conditions.
Additional benchmarks of the numerical models with experimental observations, especially
those with acoustic emission measurements, and under other testing configurations, e.g.,
thick-walled cylinder test, could help improve the digital rock to become true representations
of real rocks. Complexities at the contact level (e.g., the shear component of the contact,
which has be largely neglected in this study, long-range particle interactions, etc.) and
related to the grain size and shape could also be introduced to enrich the model behaviors.
Moreover, the numerical simulations could help improve the reliability of laboratory tests
such as the Brazilian test through quantitative modeling of specific rock types as well as
more accurate descriptions of the test conditions, for example, how the BTS will be affected
by the jaws of a certain curvature, and whether the Brazilian test under dynamic loading
or cyclic loading conditions could be used to measure the dynamic tensile strength or to
describe the fatigue behaviors.
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APPENDIX A
FRACTURE PROCESS ZONE CHARACTERISTICS IN
MICRO-SCALE
A.1 Introduction
Physical phenomenon of quasi-brittle material, such as rock fracturing and fragmentation,
is related to the process of crack initiation, propagation, and coalescence. Since it has been
accepted that the initiation and accumulation of crack damage is a necessary precursor
to all rupture modes for rock [36], it is essential to have a thorough understanding of the
fundamental mechanism behind the initiation and propagation of cracks.
In quasi-brittle material, the fracture process zone grows near the fracture tip consist-
ing of micro cracks, some of which later coalesce and grow into a macro fracture as the
fracture propagates. The fracture initiation and propagation process are associated with
the energy dissipation in the form of elastic strain energy, namely, AE waves. As a result,
many researchers believe that recording acoustic emissions during standard laboratory tests
provides significant additional data that is crucial in revealing intrinsic material properties
and failure mechanisms. Using this technique, Zietlow and Labuz [131] determined the
intrinsic fracture process zone size which is significantly dependent on rock types but not
related to specimen size, by measuring the area that covers 90% of the AE events locations.
Similar technique is also used by other researchers [79, 87, 90], and Lin [74, 75] refined
the results by post-processing the AE results using a digital imaging approach. Besides,
using AE locations to study micro-crack initiation and coalescence is useful to gain a better
understanding of the earthquake mechanisms [122, 77].
Not only spatial information of AE signals reveal intrinsic failure mechanisms, but also
the AE signals allow the opportunities of calculating magnitudes of energy [45]. It has been
shown that by using the energy levels quantified from the signals [90], the characteristics
of the fracture evolution process are captured. Also, an attempt was made to find the
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correlation between AE energy and fracture toughness by Vidya Sagar [119], indicating that
the magnitude of AE energy is related to material properties. Furthermore, the magnitude,
as well as distribution of AE energy levels have shown to be a possible assessment of material
damage [28, 111].
Meanwhile, DEM models have been applied to simulate the fracture evolution, as well as
failure mechanism, in brittle materials [16, 80, 114]. However, limited success was achieved
in capturing the characteristic pattern of AE energy distribution. Later, Hazzard [50, 51]
proposes a model using kinetic energy of particles in a random area (2D model) to simulate
the AE event magnitudes, as well as locations. Shortly, this technique is improved by using
moment tensor to represent kinetic energy, and is proved to be more robust and realistic [48].
However, this model requires that the damping ratio of the model must be small enough
to reproduce adequate seismic events, which is not accurate for static simulations. Since
experimental evidences [30] show that the softening behavior may be reflected in AE data,
a softening contact law was implemented into a discrete element code [32] to gain a better
understanding of the fracture process zone in their study. During the loading process of a
three point bending beam with a center notch, location and magnitude of acoustic emission
signals are recorded and analyzed.
Most of the investigations about fracture process zone are conducted on mode I type
of failure. However, pure mode I fracturing is not commonly seen in nature. Instead, a
mixed-mode fracturing is essential in determining the evolution of the cracks. Lin [74, 73]
has used digital imaging techniques quite successfully to identify the mixed-mode process
zone by monitoring the displacement field. But information such as vertical displacement
field is inadequate due to the restriction of the experimental equipment. Also the relatively
low resolution of this technique clouds researchers understanding of the crack growth at the
tip.
In this chapter, both two and three dimensional simulations are conducted to investigate
the characteristics of fracture process zone in mode I fracture. A series of three dimensional
models are used to perform a parametric study. Besides, the effect of the micro-scale param-
eters to the macro-scale properties of the material is addressed. Then, a two dimensional
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model of three-point bending with a center notch is used to investigate the evolution of ten-
sile cracks. At last, the mixed-mode fracture is simulated by implementing a biased notch at
the bottom of the beam. The simulations are designated to explore how the characteristics
of the fracture process zone are affected by micro-scale parameters of the sample, including
the geometry of the defects. The energy dissipation in fracture process zone, as well as the
evolution of micro-cracks near fracture tip are also discussed.
A.2 Constitutive Model
Each AE signal corresponds to elastic energy released by an AE event. In macro-scale, the
AE events are usually located in the process zone of a localized fracture due to damage.
In this study, the softening contact law is an analog of the cohesive zone model. The tip
of the traction free zone is considered as the crack tip. In the cohesive zone, the bond
between particles is still able to carry traction; however, a certain amount of damage is
taken into consideration characterized by the softening coefficient, as shown in Figure 2.3.
The dimensions of the fracture process zone are then related to the cluster of damaged
bonds.
Based on the constitutive law implemented in this model, the AE signal energy is related
to the bond status. When the equivalent distance between two particles is within δ̄1, all
the input energy is converted into elastic energy. In other words, no energy is dissipated
during the loading process. But when the distance exceeds δ̄1, a certain amount of elastic
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(40)
where k̄n is stiffness [F/L], δ̄1 is displacement corresponding to peak force [L], δ̄∗ is dis-
placement when bond breaks [L], δm is the max displacement in loading history [L], β is
softening coefficient, and α is a dimensionless variable related to material properties. For
simplification, α = 1 and β = 0.1 or ∞ in this study.












Figure A.1: Three-point bending test.
When the distance exceeds δ̄∗, the bond breaks and all the stored elastic energy is released.
A.3 Three-point Bending with Center Notch in 3D
Three-point bending test is performed to examine mode I fracture. In order to properly
control the crack initiation and propagation, a notch that considered as a stress concentrator
is installed at the bottom center of the beam.
The three-point bending test is a simple and effective method to develop a mode I
fracture, as shown in Figure A.1. The fracture initiates from the preexisting notch and
propagates towards the loading point. A 3D numerical model is used to study the properties
of the FPZ ahead of the crack tip, including both the width and depth. The micro-scale
parameters for this particle assembly are listed in Table A.1, dimension of the sample is
L × H × T = 104 × 30 × 25 mm3, L/H = 3.47. A sufficiently large L/H is applied to
guarantee the mode I failure mechanism. In this study, the span depth ratio L/H is kept
constant. Meanwhile, the notch size is set to be d = 4 ∼ 10 mm and w = 3 ∼ 6 mm.
The macro-scale properties of the synthetic rock are investigated by performing direct
tension and uniaxial compression tests. The results are summarized in Table A.2. By
introducing the softening coefficient into the model, we can see that the tensile strength is
decreasing from 10.42 to 3.87 by 63% while the compressive strength decreases by 85%. As
a result, the strength ratio σc/σt is increasing while softening coefficient is decreasing. The
trend is shown in Figure A.2. When β = 0.05, the strength ratio reaches its maximum value
12.86. Note that the relationship between strength ratio σc/σt and β shown in Figure A.2
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Table A.1: Micro-scale parameters of the baseline particle assembly.






Average grain size dm (mm) 1.60 -
Elastic Modulus E (GPa) 5.0 5.0
Bond Stiffness Ratio kn/ks - 1.0
Contact Stiffness Ratio kn/ks 2.5 -
Normal Bond Strength σn (MPa) - 10.0± 1.0)
Shear Bond Strength σs (MPa) - 100.0± 10.0)
Friction Coefficient µ 0.5 -
Radius Multiplier λ - 1.66
Moment Contribution Factor - 1.0
Table A.2: Macro-scale mechanical properties.
Softening coefficient β 0.01 0.02 0.05 0.1 1.0 ∞
Compressive strength σc (MPa) 100.65 99.57 96.21 87.28 31.40 17.03
Tensile strength σt (MPa) 10.42 9.11 7.48 7.24 4.12 3.87
Elastic Modulus E (GPa) 6.06 6.06 6.05 6.02 5.68 5.42
Poisson’s ratio ν 0.22 0.22 0.22 0.21 0.15 0.12
Strength ratio σc/σt 9.66 10.93 12.86 12.06 7.62 4.40
is different to Figure 2.13, because the normal bond strength is not scaled and thus shear
cracks govern the strength at lower β.
A.3.1 Evolution of FPZ Dimensions
In discrete element models, micro-cracks are simulated by debondings between adjacent
particles, as represented by red disks in 3D in Figure A.4. A complete force vs. crack
mouth opening distance (CMOD) curve is shown in Figure A.3, and the size of the process
zone can be determined as shown in Figure A.4, in which the gray disks represent damaged
bonds. During the loading process, both the position and orientation of the micro-scale
events, including softening and breakage, are recorded. After the examinations of the crack
pattern at specific loading stages, it is observed that the size of the process zone evolves
with loading process, as demonstrated in Figure A.5.
The force vs. CMOD curve can be divided into several regions:
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Figure A.2: Strength ratio vs. softening coefficient β.
 from origin to stage C: the whole sample deforms in elastic while crack initiates
between stage B and C;
 from stage C to E: micro-cracks interact with each other to form a macro-crack.
 at stage F : the load reaches the peak;
 after stage F : crack propagates in a stable manner, though kinks are observed between
stage G and H.
Before crack initiates, both width and length of the process zone increase more or less
linearly with CMOD. However, when the peak force is reached, the process zone width
becomes a constant. On the other hand, the process zone length increases linearly at first,
then it remains a constant. The sudden drop of process zone length after stage F is caused
by the difference of evolution speed between the fracture and process zone. When the
cracks coalescence together, the macro-crack propagates forward faster than the growth of
the process zone, resulting in a decrease of distance between crack tip and process zone tip.
It is expected that the process zone length will approach a constant in stable crack growth
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Figure A.3: Force vs. crack mouth opening distance.
stage. The constant process zone size around the peak could be considered an intrinsic
length scale related to material properties.
From the displacement field shown in Figure A.6, the presence of the center notch does
not change the symmetry very much; besides, the parallel vertical contour lines indicate
where the mode I fracture is. On the other hand, the point where the contour lines tend
to converge represents the process zone, whose length could be approximated from Figure
A.6(a). During the loading process, the growth of the process zone is stable in the post-peak
Table A.3: Process zone size at different loading stage (Unit: mm).
Stage Crack tip FPZ length FPZ width CMOD
A NA 2.30 3.36 0.044
B NA 3.70 5.92 0.074
C NA 5.07 8.99 0.109
D NA 5.30 11.40 0.130
E (crack initiation) 12.95 7.55 14.60 0.199
F (peak) 14.00 7.74 15.20 0.227
G 14.98 7.84 14.24 0.252































Figure A.4: FPZ in three-point bending. Red and grey disks represent the micro-cracks
and damaged bonds, respectively.
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(a) horizontal displacement field (b) vertical displacement field
Figure A.6: Displacement field at peak.
A.3.2 Influence of Bond Strength Ratios
In DEM models, the crack initiation and coalescence of the particle assembly are governed
by the bond strength. In this study, a parametric study is carried out to investigate the
effect of shear to normal bond strength ratio, as well as normal bond strength, on the
variation of FPZ width. In three-point bending test, a FPZ is observed at the tip of the
notch. Then it propagates upwards at a nearly constant velocity as shown by the constant
slope in Figure A.5 until the notch starts to extend. Afterwards, the crack grows as the load
keeps increasing. If the bond strength is large enough in shear direction than in normal
direction, the whole failure mechanism is dominated by tensile failure. However, at low
shear to normal bond strength ratio, shear cracks are observed at the loading point rather
than at the notch tip. Nevertheless, the failure of the sample is still governed by the tensile
fracture developed near the notch tip. As the shear to normal bond strength ratio increases
from 0.5 to 10, the strength ratio σc/σt will increase as pointed out in [60]. Consequently,
more energy is required to propagate the fracture. Thus the width of the FPZ increases as
expected, see Table A.4.
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Table A.4: FPZ size at peak load while keeping normal bond strength constant.






On the other hand, three groups of simulations are performed with a constant bond
strength ratio while the normal bond strength varies. The results are listed in Table A.5,
showing that the FPZ width is more or less a constant, too. Since the FPZ is simulated by
softening behaviors defined by the constitutive model with softening coefficient β, the size
of the process zone is dependent on the elastic to input energy ratio, instead of the absolute
value.
Table A.5: Dimensions of FPZ at peak load while keeping strength ratio constant.




The width of the fracture process zone is usually considered a material constant. The
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(41)
where R is the average particle radius; δn1 is the displacement between particles in normal
direction at the peak; δn2 is the ultimate displacement between particles; δ
s
1 is the ultimate
displacement in shear direction. As such, the ratio δn2 /δ
n
1 represents the softening behavior
characterized by softening coefficient β. When the normal bond strength is fixed and the
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shear to normal bond strength ratio increases, the ratio δs1/δ
n
1 increases. Thus the intrinsic
fracture process zone width increases, as shown in Table A.4. When the shear to normal







1 . Meanwhile, when the sample size is relatively large, the ratio R/δ
n
1
becomes negligible. Thus the intrinsic fracture process zone width w∗ remains roughly a
constant, as shown in Table A.5.
A.3.3 Influence of Notch Geometry
In this section, the location of the preexisting notch is fixed at the bottom-center of the
beam, while the dimensions, including width and length, of the notch vary in a range of
w ∈ [0, 6] mm and d ∈ [4, 10] mm. Since the process zone size evolves with respect to
loading stages, we pick the peak stage as a reference, at which the width can be considered
as a constant (see Figure A.5(a)). A perfect line cutting notch (w = 0 mm) is obtained by
removing the bonds on the notch plane. The results are summarized in Table A.6.
Table A.6: Process zone size at peak load (Unit: mm).
Index Notch width Notch length FPZ width
0 0 10 14.90
1 4 10 15.20
2 4 8 15.36
3 4 6 16.30
4 4 4 16.80
5 3 8 15.20
6 5 8 14.90
7 6 8 15.20
The results suggest that the FPZ width is nearly independent of the notch length and
width. Since it has been shown that the FPZ size is independent of sample size, as well
as the defect geometry, we could argue that the FPZ dimensions could be considered as a
material constant that only relate to the mechanical properties of the material.
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A.4 Three-point Bending with Refined Region in 2D
A.4.1 Model Setup
In previous section, it has been shown that the proposed numerical model with softening
coefficient is capable of capturing the characteristics of fracture evolution in quasi-brittle
materials. In this section, a 2D discrete element model is used to study the development
of FPZ from energy point of view. For calculation efficiency considerations, we use a 2D
model instead to construct the simulations.
The numerical simulation of three point bending test is conducted with a rectangular
shaped sample with length L = 160 mm, height H = 60 mm, and span Ls = 146.8 mm,
see Figure A.7. The numerical domain is divided into two zones: first, the baseline zone
is densely packed with 4237 randomly generated particles (cylinders in 2D) with the radii
uniformly distributed in the range of 1.2≤ R ≤1.99 mm; second, particles located in the
“refine zone” are replaced with smaller particles in order to capture the characteristics of
the crack region and intrinsic fracture process zone. In order to alleviate the size effect
stemmed from pre-exist crack width, an initial crack with infinitesimal width is installed
by removing bonds crossing the line segment at the bottom center of the refined zone. The
loading process is modeled by imparting a constant velocity v = 0.04 m/s to the top center









Figure A.7: Three point bending model setup.
It has been noted in [42] that the size of process zone in quasi-brittle material is de-
pendent upon the specimen size. Moreover, the dependency disappears when the ratio of
204
specimen size to grain size is large enough. So in this study, particles adjacent to the notch
are refined to smaller sizes in order to make sure that the apparent fracture toughness is
equal to the true material toughness. To be more specific, the original particle is deleted
and then replaced by two new ones while the total area (in 2D, volume in 3D) is equivalent
during the refine process. Meanwhile, the radius ratio after the refinement is set to be no
greater than that of the baseline material. On the basis of the two criteria, the new particles
radius r1 and r2 can be expressed as:
r1 = s1 + ϕ(s2 − s1), ϕ ∈ [0, 1] (42)
r2 = (r
2
0 − r21)1/2 (43)
with s1 = r0(1 + ξ
(2/l))−1/2 and s2 = r0 · 2−1/2. Where r0 is the original particle size, ξ
is the particle-size ratio of the baseline material, l is refinement level, and ϕ is a refinement
parameter that in the range from zero to one. If ϕ = 1, then r1 = r2 and the size ratio of
the replaced material will be equal to that of the base material. If ϕ < 1, then r1 6= r2 and
the ball size ratio will be greater than that of the base material.
Micro-scale parameters for the baseline and refined assembly are listed in Table A.7.
Unless otherwise noted, the rest of the parameters are chosen as follows: the radius multi-
plier, λ̄=1; the stiffness ratios, kn/ks=1 and k̄n/k̄s=1; the inter-particle friction coefficient,
µ=0.5; the particle density, ρ=2630 kg/m3; in order to obtain a relatively brittle material
(Huang, 1999), the average normal and shear bond strength ratio is chosen to be 1/100;
and the standard deviation of both the normal and shear bond strengths is chosen to be
1% of the mean value.
Before performing the tests, an additional group of numerical samples without refined
zone are used to verify that the existence of the refined zone will not impact the macro-scale
properties of the sample. Table A.8 shows that the difference between baseline and refined
sample is acceptable.
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Table A.7: Micro-scale parameters.
Micro-scale parameters Baseline Refined zone
Minimum radius Rmin (mm) 0.5 (0.8)
∗ 0.38
Ball-size ratio Rmax/Rmin 2.21 (1.28)
∗ 1.71
Average ball radius R̄ (mm) 1.02 0.51
Elastic Modulus Ec (GPa) 50 -
Stiffness ratio Kn/Ks 4 -
Friction coefficient µ 0.5 -
Density ρ (kg/m3) 2630 -
Bond modulus Ēc (GPa) 50 -
Radius multiplier λ̄ 1 -
Bond Stiffness ratio K̄n/K̄s 4 -
Normal Bond Strength (MPa) σ̄ = 5, δ̄ = 1%σ̄ -
Shear Bond Strength (GPa) τ̄ = 320, δ̄ = 1%τ̄ -
Softening coefficient
∗Number in parentheses is the ball radius initially assigned when generating the assembly.
Table A.8: Macro-scale mechanical properties.
Mechanical properties Baseline Refined Error (%)
Compressive strength σc (MPa) 34.33 33.45 2.5
Tensile strength σt (MPa) 3.02 2.97 1.6
Elastic Modulus Ec (GPa) 50.9 51.5 1.2
Poisson’s ratio ν 0.31 0.29 6.4
Strength ratio σc/σt 11.37 11.26 1.0
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A.4.2 Simulation Results
Figure A.8 shows the load history of the previously described particle assembly under three
point bending test. The first AE event (including bond breakage or bond damage) is
recorded at approximately 30% load ratio, where load ratio is defined at the percentage
of the maximum load, but continuous AE productions do not start until the load ratio
reaches 70%, marked as stage A in the figure. This ratio is realistic when compared with
experimental results, showing the ratio is about 80% [87]. At this stage, several parallel
bonds located at the bottom center of the beam near notch tip start entering the softening
regime, and FPZ begins to grow. Before fracture occurs, the size of the FPZ is not fully
developed. In other words, the FPZ grows in both vertical and horizontal directions as
load keeps increasing. Meanwhile, the number of AE events increases in a stable manner.
When load increases to 90% of peak, namely stage B, fracture is initiated at the notch
tip, surrounded by a process zone. At this point, the shape of the process zone is mostly
fixed, only the size changes in the following steps. Besides, the number of AE events is still
increasing in a continuous way. When the load reaches the peak, the size of the process
zone is almost at its limit and the fracture starts to grow unstably. A sudden increase
of AE events is also observed right at the peak. However, the ratio of AE event number
to number of cracks is decreasing; see Figure A.9. In the pre-peak stage, the size of the
FPZ keeps growing in a relatively faster pace than that of the cracks. As a result, the
AE events ratio goes up as high as 12 then suddenly drops when new cracks forms. This
process repeats several times and the average AE events ratio keeps going down as the size
of FPZ approaching a constant. In the post-peak stage, the loading force drops quickly
corresponding to a sudden growth of the fracture. The number of softening events jumps
from 200 to almost 400, however, the AE event number ratio is more or less a constant,
which indicates that the size of the process zone is stable and growing with fracture.
Figure A.9 also shows that in post-peak stage, the crack propagates in a creeping pattern
rather than what is commonly known as stable growth. When the loading force reaches 90%
post-peak, the FPZ size is roughly fully developed. Consequently, the fracture propagates













































Figure A.8: Load vs. CMOD and the corresponding AE event numbers.
ratio of AE events drops quickly to about 6.5, at which point, the energy stored in FPZ is
released to generate new fracture. Then the plastic zone ahead of the fracture tip hampers
the continuous propagation of the fracture. Consequently, the FPZ starts to grow ahead
of the fracture tip until the stored energy is enough to propagate the fracture. Therefore,
even in stable fracture propagation phase, the FPZ length increases and then decreases
repeatedly corresponding to the growth of fracture. On the other hand, once the FPZ is
fully developed, its width becomes a constant which is determined by mechanical properties
of the material. In this simulation, for example, the size independent FPZ width is related
to the softening coefficient of the contact law.
Magnitude of energy dissipated in FPZ is recorded, as shown in Figure A.10. In pre-peak
stage, total energy dissipated from generating fracture is lower than that in FPZ. However,
when passing stage E (80% post-peak), the cumulative energy dissipated by bond breaking
grows faster than in FPZ, indicating that the energy released during the loading process is
mostly used to propagate the fracture. Meanwhile, the amount of energy dissipated in FPZ
is about 40% of the total energy.
Figure A.11 shows the development of the FPZ and fracture in the overall loading
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Figure A.9: Micro-events ratio vs. CMOD.











































Figure A.10: Cumulative energy.
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process. The left column of the figure shows the AE signal locations while the right col-
umn shows the energy density cloud. These figures suggest that the FPZ width remains
unchanged during the whole process while the fracture length changes as described pre-
viously. Meanwhile, the energy density indicates where the potential fracture tip is. In
Figure A.11(e), the energy density cloud shows a branching crack at the top which cannot
be observed from the AE locations figure. The reason is the “branching crack” is actually
not formed because the energy stored in FPZ is not high enough to create a new fracture.
Energy magnitude of the AE signals in that region is in the intermediate level between
plastic zone and micro-crack. Other than that, the energy density figures also show a clear
boundary of the FPZ, which makes it easier to measure the size of the FPZ. The energy
level adjacent to the path of the fracture is approximately in the range from 1.5-4.5 mJ,
while at the FPZ boundary, the energy level is as low as O(10−3) mJ. The difference in
AE energy levels is considered as a material property, which is related to the micro-scale
damage model and force-displacement law. Also it has been noticed by many researchers
that there are various approaches to classify AE energy levels [97, 19]. In this study, the
AE energies are grouped into three categories, namely: low energy, intermediate energy,
and high energy, as shown in Figure A.12.
In Figure A.12(a), each blue dot represents an AE event. Then all the AE events are
sorted based on its energy magnitude in ascending order and illustrated using red dots, see
also in Figure A.12(a). Then all the AE events are automatically divided into three groups:
low energy AE events, where E < E1 and E1 is approximately 0.07 mJ; high energy AE
events, where E > E2 and E2 is approximately 0.4 mJ; and intermediate zone in between,
where E1 < E < E2. In [58], the author defines the high energy zone as inner zone, or in
other words, fracture core zone; the low energy zone, together with the intermediate energy
zone, is called outer micro-scale fracture zone. Usually, E2 is defined one order higher
than E1. From Figure A.12(b), it is observed that the number of AE event occurrence
at low and intermediate energy levels take 70.83% of the total AE events, but the total
energy dissipated is only 15.85%. High energy level corresponds to fracture core zone in







Figure A.11: Micro-event locations and energy distribution at different stages. Stage A:
FPZ initiation, stage B: crack initiation, stage C: peak, stage D: post-peak 80%, stage E:
post-peak 60%. Green and red dot represent bond damage and breakage, respectively.
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dissipated is as high as 84.15%. The histogram also shows that the occurrence of AE signal
is five times more frequent in FPZ than on the fracture path, which indicates that the size
of the FPZ is about 4 ∼ 5 times of average grain diameter. A summary of the AE events
occurrence and energy can be found in Table A.9.
Table A.9: Micro-event energy classification.
Number of Occurrence Energy
absolute relative (%) absolute (mJ) relative (%)
Low energy
(E < E1)
56 23.33 1.73 1.18
Intermediate
(E1 < E < E2)
114 47.50 21.44 14.67
High energy
(E > E2)
70 29.17 122.99 84.15
Summation 240 100.0 146.16 100.0
Researchers usually use the locations of the acoustic emission signals to identify the
dimensions of FPZ. This study shows that the distribution of signals is closely related to
the energy levels, too. In DEM, we define that the width of FPZ equals to one average grain
size for one individual micro-scale event. Then at a specific time-step, we divide the total
length of the micro-events cloud into several buckets. The width of FPZ in each bucket
is determined accordingly and then averaged to estimate the overall width of FPZ. The
results are summarized in Figure A.14. The width of FPZ is determined based on all the
micro-scale events that has a energy level higher than a specific value. When the specific
energy level is low, the width is as high as about 15 mm, i.e. about 6∼7 times of the
average grain diameter. However, if the energy level is high, the width of FPZ is about 2
mm, representing a single crack that involves only two grains. We can also see that the
width of FPZ is discretized based on different energy levels. If we use E1 and E2 as critical
212
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(b) micro-event and energy density
Figure A.12: Micro-event energy at final stage.
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energy levels, the dimension of FPZ can be divided into three regions. In low energy region,
the size represents the outer FPZ width, while the high energy represent the core fracture.
The FPZ is located between these two regions. Therefore, the width of the FPZ is about
11 mm.
notch notch notch
(a) low energy (b) intermediate energy (c) high energy
Figure A.13: AE locations at different energy levels.
The histogram in Figure A.15 shows the AE events and energy distribution along the
mid-span depth of the specimen, and reflects the whole process of fracture initiation and
propagation. Both number of events and energy dissipated near the notch tip increase
consistently as FPZ grows. As the load continues increasing, the histogram shows a zigzag
pattern, and the variation of energies clearly follows the trend of AE events occurrence until
the end. As mentioned previously, the variation is caused by the stepwise pattern of fracture
growth, see Figure A.9. However, many researchers [87] have noticed that in laboratory AE
tests, the number of events occurrence remains constant for a certain distance along the
ligament length. The possible explanations are: in real experiments, the resolution of data
obtaining system is not high enough to acquire high frequency AE signals in post-peak stage;
and the fracture propagation process is so fast that the loading equipment cannot precisely
accommodate. On the other hand, the loading speed and time steps are optimized in this
numerical simulation to capture the post-peak behaviors of the fracture, which indicates































Figure A.14: FPZ width at different energy levels







































Figure A.15: AE events density and energy levels along mid-span.
During the simulation, FPZ width and length are determined on statistical basis. At
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Figure A.16: FPZ dimensions
each stage, the FPZ area is determined by including all AE events having energy range
between E1 and E2, and then the width are measured accordingly, see Figure A.16. Before
fracture propagation happens (stage C), the FPZ width is monotonically increasing. As the
fracture propagates, the width becomes roughly a constant, which is also shown in Figure
A.11.
A.4.3 Discussion
According to the Griffith theory, a crack could propagate when the critical strength is
reached at the tip. From energy point of view, the amount of energy required for crack
propagation equals to the strain energy released when crack extends. The strain energy
release rate, GI , is defined as the derivative of crack energy, Uc, with respect to crack area,








where Uc is defined as
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Uc = Ut − Us (45)
where Ut is total work done by the load bearing stripes and Us is the strain energy stored in
the point contact and bond before it breaks. Ac is defined as the accumulative crack area
























are the radius of grains at two ends of the ith bond, respectively.





















Figure A.17: Cumulative crack energy vs. crack length
Figure A.17 shows the relationship between cumulative crack energy and crack length.
The slope of the curve is equivalent to GIC :
GIC = 4.68 N·m/m2 (47)
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According to linear elastic fracture mechanics, the correlation between critical energy release
rate and fracture toughness is stated as follow:
KIC =
√
EGIC = 0.49 MPa
√
m (48)




where σt is uniaxial tensile strength and a is intrinsic length scale. We can estimate a ' 9
mm, a consistent number compared to the FPZ width, w ' 11 mm, when fracture grows.
A.5 Three-point Bending with Eccentric Notch
Three-point bending tests performed on numerical samples with an eccentric notch is a
common approach that used for studying mixed-mode fracture. At the notch tip, a different
combination of normal and shear stress can be achieved from the applied load by changing
the notch position along the bottom of the beam. Thus, the mixed-mode crack can be
obtained from this relatively simple loading configuration, as shown in Figure A.18. The







respectively. The size of the specimen is: span L = 146.8 mm, height H = 60 mm,
thickness T = 26 mm, notch width w = 4 mm, and notch length d = 6 mm.
It is shown that the failure mechanism is not only highly dependent of these geometric
parameters, but also closely related to the load velocity. Since the dynamic effect will cause
a different pattern of damage initiation and propagation, in the following simulations, the
loading velocity is adjusted after each cycle to make sure that the total force applied to the












Figure A.18: Three-point bending test with an eccentric notch.
Three groups of specimen are examined with different geometric parameters. (1) Group
1: η = 0.1, and ζ = 0.33; (2) Group 2: η = 0.2, and ζ = 0.33; (3) Group 3: η = 0.2, and
ζ = 0.66;
The force on top of the beam is applied using a cylindrical wall and a small initial overlap
is allowed. During the loading process for group 1, three stages are clearly identified from
the force-displacement curve. At the beginning, the beam deforms elastically and the curve
is a straight line without oscillations, see Figure A.19. At stage b, both local tensile and
shear cracks started to appear at the loading point, and the support as well, causing the
oscillations on the force-displacement curve. The first significant drop is associated to the
localization of shear cracks at the loading point on top of the beam. A plastic zone forms
and grows while increasing the load. The next sudden drop, however, is resulted from
the development of the mixed-mode fracture, as shown in Figure A.20(a). The numerical
results are post-processed by illustrating a micro-crack, namely, a broken parallel bond,
using a filled circle, drawn perpendicular to the contact axis with the size equal to the mean
diameter of the two particles previously in contact.
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η =0.1 ζ =0.33
η =0.1 ζ =0.66
η =0.2 ζ =0.33
a b c
Figure A.19: Three-point bending test with an eccentric notch.
Mixed-mode loading configuration creates a non-symmetric pattern of deformation,
which causes a combination of mode I and mode II failure mechanism, as shown in Figure
A.20(b). Both shear and tensile cracks are observed at the fracture path (red and blue
filled circles), combined with a softening zone (green filled circles) surrounding the main
fracture. The length of the process zone is hard to estimate, because the evolution of the
mixed-mode fracture is too fast than that in mode I. In Figure A.20 (c), the color of the
micro-cracks represents the time sequence when they are generated. Blue means the micro-
cracks are generated earlier while red means later. The sequence of the micro-crack events
can therefore be inferred from the color bar. As it shows, the plastic zone at the loading
point developed in a stable manner as it grows with increasing load. Meanwhile, the mixed-
mode fracture propagates in an unstable way that it grows towards the loading point in a
very short period of time. Thus, unlike in three-point bending test with a center notch, the
process zone length in mixed-mode fracture cannot be accurately estimated. Nevertheless,











Figure A.20: Crack pattern in post-peak stage: (a) crack distribution in the whole speci-
men; (b) crack types in the fracture, red: tensile failure, blue: shear failure, green: softening









































(c) horizontal, η = 0.2 and ζ = 0.33 (d) vertical, η = 0.2 and ζ = 0.33
Figure A.21: Displacement fields at peak.
For group 2, the failure mechanism remains the same as in group 1, but total lose of
the strength happens earlier, as shown in Figure A.19. The horizontal displacement field
shows that the contour lines tend to converge at the crack tip, as shown in Figure A.21(a).
According to the numerical results, the zero horizontal displacement is somewhere near the
center of the fracture. As the fracture grows upwards, the neutral axis of the beam moves
upward as well, which could be tracked by monitoring the zero horizontal displacement
contour line. Because of the eccentric notch, the horizontal displacement field is twisted
leftwards, instead of being symmetric as in center notch case. Meanwhile, the vertical
displacement field is more or less symmetric, despite being distorted by the notch near the
tip.
When the notch length increases to 12 mm, in other words, α = 0.2, the vertical
displacement field is not influenced very much. However, at about 85%∼90% of the peak,
the mixed-mode fracture cannot be obtained, except a small region ahead of the crack tip
exhibits the characteristics of FPZ. In Figure A.21(c), the zero horizontal displacement line
is located somewhere next to the notch, close to the center of the beam, indicating the
existence of a process zone.
As the load increases to post-peak stage, a displacement discontinuity is observed from
the displacement fields, as shown in Figure A.22. The length of the notch does not make

































(c) horizontal, η = 0.2 and ζ = 0.33 (d) vertical, η = 0.2 and ζ = 0.33
























(a) horizontal, η = 0.2 and ζ = 0.66 (b) vertical, η = 0.2 and ζ = 0.66
Figure A.23: Displacement fields at post-peak.
fracture coalescence with the plastic zone under the loading point.
In group 3, the notch is moved away from the bottom center of the beam, and located at
66% of the half span. When the beam fails, no clear process zone is formed near the notch
tip or midspan; instead, it fails due to the local plastic deformation under the loading point,
as indicated by Figure A.23. However, the presence of the notch causes more horizontal
displacement on the left. In the meantime, the zero displacement horizontal contour line
is located in the center of the beam, implying that the first process zone is most likely to
initiate in the midspan, rather than the notch tip.
A.6 Conclusion
In this study, a three point bending test with a central and eccentric notch is modeled using
both the 2D and 3D discrete element method with a softening contact law. The numerical
analysis is capable of reproducing many characteristics of quasi-brittle material in the form
of acoustic emission signals that have been observed in experiments, e.g., the AE energy
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pattern, and histogram along specimen mid-span depth. Though, the resolution of AE
results is dependent on grain size; in this study, the dependency is reduced by introducing
a refined zone in the middle of the specimen without sacrificing computational efficiency.
Meanwhile, the bond strength across the whole sample is simplified as a constant to reduce
the random nature of the particle assembly. The reason not to introduce random bond
strength into the model is to find out the intrinsic characteristic of the material and the
overall fracture process, as well as the FPZ size. A detailed fracture propagation process is
described, furthermore, supported by the simulation results.
The numerical model proposed in this paper is capable of reproducing characteristic
behaviors of quasi-brittle material, including the FPZ growth and crack initiation and prop-
agation. The acoustic emission signals simulated using the softening model are comparable
with experimental results. For example, the first continuous production of AE events hap-
pen at 70% of peak load, which is close to the result reported in [87]. However, the absolute
number of AE event occurrence is too low due to limitations of grain size resolution. But
the relative density at different energy levels shows good consistency with laboratory tests.
The magnitude of AE energy is calculated based on the energy dissipated from softening
bonds. Because of the two dimensional nature of the numerical model, the results are only
meaningful when compared qualitatively to experiments. So the magnitude of energy at
each individual AE events shows that 70.83% low and intermediate energy AE events take
only 15.85% of the total energy, while 29.17% high AE events take up to 84.15% of total
energy. Zones of low energy events consists of localized micro-cracks around the notch tip,
and the locations of high energy events indicate where the fracture path is. Based on the
ratio of softening to crack events, the results suggest that the FPZ, as well as the macro
fracture, creeps as the load increases. This conclusion is corroborated by the histogram
of AE events along the mid-span of the specimen, as consistent with experimental results
reported in [87].
The energy magnitude gradient clearly identifies the FPZ and the inner core of the
fracture. Using AE energy levels as a criterion allows us to measure the FPZ size. The
softening model proposed in this study, combined with the process zone model, is valid
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Figure A.24: Number of micro-events along mid-span [87].
in simulating mode I and mixed-mode fracturing. The mode I fracture is obtained by
performing three-point bending test with a center notch. During the loading process, the
process zone boundary is clearly identified by monitoring the distribution of damaged bonds.
The average process zone width is about 4 ∼ 9 average grain size; on the other hand, the
process zone length only remains constant at peak and post-peak stages. Besides, the crack
tip and the damage zone can be visualized by examining the displacement field. The parallel
contour lines in the center of the sample indicates a displacement discontinuity, stemmed
from the presence of a fracture. At the crack tip, the contour lines have a trend to converge
at a point, which proves the existence of a damage zone. Moreover, the region that consists
of the gradually converging contour lines is the process zone. Since how the geometries of
the notch can influence the process zone was not clear before, so in this study, the effect of
notch sizes on FPZ size is investigated. Based on the simulation results, the process zone
width remains more or less constant at the peak. Consequently, we believe that the notch
geometry plays a role similar to a stress concentrator, which is important during the crack
initiation stage, but when the crack starts to grow, it does not have much impact to the
behavior of the FPZ.
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In order to capture the essence of mixed-mode fracturing, three groups of three-point
bending test with an eccentric notch are carried out. First, the notch is implemented at
different positions along the bottom of the beam. When it is at 33% of the half span,
the displacement field is distorted because of the notch and is no longer symmetric. The
zero displacement contour line is located somewhere close to the fracture center, and on
top of the notch, the contour lines are parallel to each other, indicating a displacement
discontinuity. The simulation results also prove that the failure mechanism is not affected
by the geometry of the notch, except fracture initiation and propagation happens earlier.
In the post-peak stage, all cases yield a similar result that the vertical displacement at the
bottom of the fracture is increasing enormously caused by the sliding on both sides of the
fracture.
Interestingly, when the notch is placed at 66% of the half span, no mixed-mode fracture
is observed. Instead, the process zone is developed at the bottom mid-span. More horizontal
displacement is observed on the left of the notch, which is not significant enough to initiate
the crack at the notch tip. As the load increases, the beam fails due to the presence of
localized plastic zone. In mixed-mode fracturing, the length of the process zone is not a
constant. From the observation, the fracture develops in an unstable manner. As such, only
the width of the process zone could be identified as a constant.
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[11] Bažant, Z. P., “Size effect on structural strength: a review,” Archive of applied
Mechanics, vol. 69, no. 9-10, pp. 703–725, 1999.
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